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ABSTRACT OF THESIS
Turbulence Suppression in an Axially Rotating Pipe
The phenomenon of turbulence suppression in a rotating pipe flow system has
been well documented by past research and experimentation. Despite this, the meth-
ods that drive this phenomenon have not yet been effectively characterized, especially
at higher Reynolds numbers. While many experiments have been performed to better
understand swirling turbulent pipe flow, a difficulty that arises is how to test for high
levels of rotation without reducing the Reynolds number. This thesis documents the
design and construction of a new pressurized pipe flow system at the University of
Kentucky aimed at achieving high Reynolds numbers without causing a reduction
in rotation number. The facility has been designed to allow for particle imaging ve-
locimetry experiments to be conducted at multiple length throughout a developing
rotating pipe flow. This thesis also documents an experiment carried out on this new
apparatus to confirm functionality and to determine the relationship between friction
factor reduction, rotation number, and Reynolds number in a rotating turbulent pipe
flow. This experiment found that the friction factor within the system decreased as
rotation number increased in a manner independent of Reynolds number. Finally,
recommendations are made on future improvements to the facility and future exper-
imentation.
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Turbulence formation and how, once developed, turbulence changes over time has
been a topic of interest since the earliest studies of the mechanics of fluids. While a
laminar fluid flow is characterized by the orderly manner that the fluid moves through
its environment, turbulence is characterized by high levels of disorder and apparently
random fluid motion. While it has proved difficult to impossible to characterize
turbulent flows in their entirety, studies and mathematical models have proved that
these types of flows are not truly random and display cohesive structures and motions
that can be predicted with reasonable accuracy. No matter how sound these models
and simulations may appear, they cannot be fully confirmed without experimental
data to back them up.
Among the different canonical geometries that can be built and tested to study
turbulent flows many, such as channel and pipe flows, are selected due to the simpli-
fications offered by their symmetry and stationary boundary conditions. These types
of experiments are extremely valuable as they allow for exact data to be recorded with
minimal chance of unaccounted-for external influences. The experiment conducted in
this project however, focuses instead upon the more complicated situation of swirling
turbulent flows. Specifically, we study the phenomenon of turbulence relaminariza-
tion via rapid rotation. To achieve a wide range of experimental conditions, this
study required the design and construction of a pressurized pipe flow facility in which
a long section is able to rotate about its axis of symmetry. The design of this facility
will be discussed in later sections.
1.2 Motivation
Swirling turbulent flows occur frequently in engineering applications. In the aerospace
industry a prevalent example is wingtip vortex generation. These vortices are gener-
ated at the end of wings during flight and cause induced drag and downwash on the
vehicle (Keane et al., 2017). Additionally, these contribute heavily to wake turbulence
that can cause dangerous conditions during take-off, landing, and for any vehicle that
crosses paths with the wake.
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Another situation that more directly parallels the experiments proposed here is
that of coolant flowing through a hollow shaft. This is often used to keep engines
and motors from overheating. However, the convective heat transfer rate is directly
affected by the Reynolds number, and by extension the turbulent state, of the flowing
liquid (Bergman et al., 2007). Thus, in order to properly determine heat flux and
efficiency, it is necessary to be able to accurately model the flow within these hollow
shafts.
These examples represent some of the practical applications of research into swirling
turbulent flows. The specific motivation for this project however, is to attempt to
bridge the gap between current experimental data and the trends predicted by simu-
lations. The current experimental trend, such as the early experiments done by White
(1964), show that rotation introduced into a pipe flow causes it to become turbulent
at lower Reynolds numbers than a non-rotating pipe. However, once turbulent, this
rotation seems to have a stabilizing effect on the flow leading to a reduction in tur-
bulent kinetic energy that suggests that there is an eventual relaminarization of the
turbulence. On the other hand, simulations done of the situation seem to suggest
not a relaminarization, but an added level of cohesiveness that leads to quasi-two-
dimensional turbulence. Unfortunately, the ratios of rotation number to Reynolds
number required to achieve this transition along with the distance required for this
flow to develop are difficult to examine experimentally. Thus, the primary purpose
of this work was to develop an apparatus capable of extending the existing range of
flow conditions in order to better understand this stabilizing effect of rotation.
1.3 Objective
While the topics of swirling turbulence and turbulence modeling are heavily re-
searched topics, very few experiments have attempted to fully capture the process
of relaminarization within a swirling pipe flow. This is often due to a variety of rea-
sons such as limited test section length, low Reynolds numbers, or low swirl numbers.
While most of these experiments show results that demonstrate the flow tending to-
wards relaminarization, most do not have long enough test sections to view more. The
few experiments that have succeeded in showing this phenomenon were either sim-
ple visualization experiments or experiments that lacked modern flow measurement
equipment. All of these will be touched on further in Chapter 3 of this document.
The goal of this apparatus is to obtain data for the complete relaminarization of
a swirling pipe flow using modern techniques of flow measurement. Specifically, the
2
apparatus was designed to accommodate particle imaging velocimetry measurements
in order to obtain accurate velocity and turbulence measurements at various cross-
sections of the flow. The focus of this particular work will be to show data for various
Reynolds numbers, and swirl numbers to better determine how these numbers affect




2.1 Laminar Pipe Flow
To begin to discuss pipe flow, it is necessary to understand the concept of a fluid
element and the continuum hypothesis. The continuum hypothesis is the idea that
the elements and molecules that comprise a fluid are uniformly distributed enough
that certain characteristics, such as pressure and viscosity, are continuous. This does
not mean that they cannot vary within the fluid, but rather that these variations do
not exhibit discontinuity in their rates of change. The fluid element then is defined as
the smallest volume that the continuum hypothesis holds true. By then considering
this fluid element to be equivalent to a differential element, it is then possible to
sum the body and surface forces that act upon these fluid elements and produce the













provided that the fluid is incompressible and the only body force acting on the fluid
is gravity. In these equations ρ represents density, gi represents gravity, t represents
time, σij represent the components of the stress tensor where σij = σji, Uj represents
the components of the velocity, and xi represents direction in Cartesian components.
From here the assumption can be made that the fluid is Newtonian which means that
there is a linear relationship between stress and rates of deformation within the fluid.
This rate is defined by the viscosity µ, and the relationship between stress and strain
rate,









where p is pressure, the negative average of the three normal stresses. Next, by using





Simply, this means that any mass that enters the control volume, the region of the
system being analyzed, must also exit the control volume for an incompressible fluid.




























is the material derivative of the velocity, ∇2 is the Laplacian, and ν is the





This equation is an accurate model of incompressible, Newtonian fluid flow in an
inertial frame of reference. Due to their complex, nonlinear nature, these equations
typically require the application of numerical approaches to reach solutions for all but
the simplest boundary conditions.
For this set of experiments it is more useful to use the equation in a cylindrical
coordinate system. Unfortunately, as the cylindrical component version of the Navier-
Stokes equation does not translate as cleanly into index notation, each coordinate
direction must be written out in their entirety. These equations and the cylindrical































































































































































In equations 2.7, 2.8, 2.9, and 2.10, r represents the radial coordinate, θ represents the
azimuthal coordinate, and z represents the axial coordinate. When these are used as
subscripts it indicates the directional vector component of the sub-scripted variable.
From these equations it is possible to gain analytical solutions for only very simple
flows. However, fully-developed laminar pipe flow is one such case. The simplest
approximation for rotating pipe flow is to assume a pipe of radius R undergoing a
constant angular velocity of Ω, where the axial velocity is driven by a constant axial
pressure gradient. Applying a series of simplifying assumptions to the governing
equations under these boundary conditions for a laminar flow (2.7 through 2.10)
gives the solution







pr = Uθρln(r) + p0 (2.13)
where ur = 0 from the continuity equation and p0 is the pressure at r = 0. The
relationship for Uθ is known as rigid-body rotation as the fluid’s velocity profile is the
same as if the pipe was instead a solid body.
It is often useful to analyze fluid flows nondimensionally. For example, by deter-
mining suitable nondimensional parameters, it becomes possible to define regimes of
behavior based on the values of dimensionless parameters and to apply scaling ap-
proaches. For instance, the drag coefficient of a skyscraper in a cross-wind could be
simulated in a laboratory setting so long as the associated nondimensional variables
are kept the same.






Usually this formula uses a variable representative of a characteristic length, which
for pipe flows is typically set as the inner diameter of the pipe, D. The value Ub
6





where ṁ is the mass flow rate through the area and A is the cross sectional area
of the control volume through which the flow is moving. For a circular pipe the
cross-sectional area is found by the relation A = 1
4
πD2. Thus, the bulk velocity for a





The Reynolds number can be derived in a number of different characteristic flow
problems using the Navier-Stokes equations and shows the ratio between viscous
forces and inertial forces. Laminar flows tend to occur at lower Reynolds numbers as
they correspond to flows where viscous forces, which tend to damp out perturbations
leading to turbulent transition, are non-negligible. Turbulent flows on the other hand
tend to occur at higher Reynolds numbers as the eddies and velocity fluctuations that
occur within them are primarily driven by inertia. Thus the Reynolds number can be
seen as a measure of instability within the flow as a higher Reynolds number indicates
a higher probability to become unstable and transition to turbulence. Additionally,
since the Reynolds number is a nondimensional ratio, it can be used to characterize
flows regardless of their scale. Nondimensional numbers are therefore extremely useful
when predicting how complex flows will respond based upon data obtained from
experimentation.
2.2 Turbulence
Once a flow has transitioned to turbulence, it is highly unsteady and three-dimensional.
It is no longer possible to obtain an exact, analytical solution to the Navier-Stokes
equations under these conditions. Instead it becomes necessary to analyze the flow
based not on what its flow looks like, but what its flow most likely looks like. This
means that the flow must be analyzed from a position of statistical probability. As
the Navier-Stokes equation holds true regardless of the turbulent state of the fluid
flow it can still be used as the base for this process using the idea of value fluctuation.
For example, take some arbitrary random variable B. If the mean of this variable
is defined as 〈B〉, then the amount by which the measured variable differs from this
7
mean is the fluctuation b. This can be written out in equation form as
B = 〈B〉+ b. (2.17)
The angle brackets around the mean indicate that it is an ensemble average: an aver-
age taken across a large number of time-series sets of data. However, if the property
being measured is controlled to the point where it can be considered stationary and
ergodic, then this value can be approximated through use of the time-averaged mean,
B̄. For a flow to be stationary, the mean cannot fluctuate with regards to time. For
a flow to be ergodic, a single time series out of the ensemble must have the same
properties as all other members of the ensemble. Due to the nature of the experi-
ment, both of these assumptions should be true and it can be assumed that averages
calculated in the later portions of this paper are either bulk averages or time-series
averages. However, for the sake of generality these will be left as ensemble averages
in the governing equations presented in this section.
This method of separating values into their means and fluctuation is often called
Reynolds decomposition, and by applying this to the Navier-Stokes equation, the
Reynolds-averaged Navier-Stokes equation (RANS equation) is found to be
D〈Ui〉
Dt








Note that equation 2.5 and 2.18 are extremely similar in form save for the term−∂uiuj
∂xi
.
By extending the Laplacian, neglecting body forces, and rearranging equation 2.18,
















− 〈p〉δij − ρ〈uiuj〉
]
. (2.19)
It is conventional to refer to the term 〈uiuj〉 as the Reynolds stresses. By multiplying
the entirety of equation 2.19 by an arbitrary additional variance vector Um, performing
a free indice switch, simplifying terms, and averaging the system it is possible to arrive
8








































Equation 2.20 can then be used to find how turbulent kinetic energy is produced and
dissipated within a viscous flow. Begin by defining the turbulent kinetic energy, k, as







(〈u21〉+ 〈u22〉+ 〈u23〉). (2.21)
By manipulating equation 2.20 using the definition of turbulent kinetic energy shown








































To understand how equation 2.22 is useful, it is best to examine each of the terms
for what they physically cause to occur in the system. First, the entirety of the
left-hand side represents the total rate of change in turbulent kinetic energy within
the system and can be simply represented as the material derivative of the turbulent
kinetic energy or Dk
Dt
. The term −〈uiuj〉∂〈Ui〉∂xj is the rate of production of turbulent
kinetic energy and is denoted by P . It is nearly always positive and is the interaction





lent transport of pressure-velocity covariances and −∂〈ujuiui〉
∂xj
represents the turbulent







viscous diffusion of Reynolds stresses from regions of higher-stress magnitudes to
lower-stress magnitudes. These four terms can be combined into a single term ∇ · T .
9
















The final term in the equation will always tend to reduce the total turbulent ki-
netic energy and is known as the dissipation rate of turbulent kinetic energy. The


















By utilizing these definitions, the turbulent kinetic energy equation becomes
Dk
Dt
+∇ · T = P − ε. (2.25)
This form of the equation makes it easy to identify the different means by which
turbulent kinetic energy is produced in a system and dissipated from the system. A
valuable takeaway from the RANS equation (eq.2.18), the Reynolds stress equation
(eq. 2.20), and the turbulent kinetic energy equation (eq. 2.21), is a different way
to look at turbulence. In a sense, turbulence is characterized by how much the flow
differs from some mean flow, with the mean flow for the turbulent case differing from
the laminar case by an amount dependent on the Reynolds stress. A higher Reynolds
stress indicates a higher magnitude of turbulent kinetic energy and a greater deviation
of the mean flow from the laminar case.
2.3 Shear Stress
The primary assumption for a Newtonian fluid is that the stresses within the fluid
are linearly related to the rates of deformation. This relationship can be written as









For a pipe flow it is more useful to have this relationship in polar coordinates. Thus,






























































(σrr + σθθ + σzz) . (2.33)
These equations hold true for turbulent flows as well, but must be expanded by the
appropriate terms of the Reynolds stress tensor. However, in order to solve these
equations it is necessary to know the specific components of the velocity vector. As
shown in Section 2.2, this is not a simple task for a turbulent flow.
It has been demonstrated that a valuable scaling parameter for both laminar and
turbulent pipe flows is the ‘wall shear stress.’ By definition, the wall shear stress is
simply the stress on the boundary of the system induced by the fluid flow. In a laminar
pipe flow, the wall shear stress can simply be found by solving for shear stress when
r = R. For a turbulent system this is less practical as the mean velocity gradients are
Reynolds number dependent, therefore the wall shear stress is also Reynolds number
dependent.
It is instead possible to use a simple balance of forces over a control volume
encompassing a section of the pipe to find a relationship for the wall shear stress that
is valid for both laminar and turbulent flows. This analysis demonstrates that for
fully-developed (equilibrium) conditions, the axial wall shear stress, τw, is balanced
balanced by the reduction in pressure such that
(p1 − p2)πr2 − (τw)2πrl = 0, (2.34)
where l is the axial length of the cylindrical control volume extending from point 1
to point 2. By then rearranging this equation, the simple relationship between the






Thus, by simply measuring the pressure drop, it is possible to determine the axial wall
shear stress within the system without knowledge of the flow’s velocity profile. Note
that when the conditions are not fully developed, then τw is a function of distance
along the pipe and equation 2.35 represents the relationship between ∆p and the
mean wall shear stress along the length l.
To confirm this derivation it is useful to compare it to the stresses derived from
the velocity profile for a laminar axially rotating pipe. Specifically, the velocity profile
shown in equation 2.11 and 2.12. By using these solutions in tandem with equations
2.27 through 2.32, the stress tensor components for pipe rotating about its axis are
found to be
σrr = σθθ = σzz = −pavg (2.36)








σθz = σzθ = σrθ = σθr = 0. (2.38)
The only non-zero shear stress within the system is the axial component which is
dependent on the pressure drop, viscosity, and the radius of the pipe. Due to this
the axial wall shear stress does not depend upon the rotation rate. Additionally,
if the pressure drop across the length is considered to be a linear relationship, i.e.
∂p/∂z ≈ ∆p/l, then the axial shear stress relationship found from the Navier-Stokes
equation solution for laminar pipe flow is the same as equation 2.35.
2.4 Friction Factor
As mentioned previously with the Reynolds number, nondimensional values are ex-
tremely useful when characterizing flows based upon experimental data. While the
definitions of these values can often be derived through analysis of the governing
equations, they can often also be defined and used to establish relationships within
turbulent flows whose governing equations are more complicated. Due to the impor-
tance of frictional loss in pipe flows (representing the extra work required to overcome
the shear stress along the pipe walls), a frequently used nondimensional value within

















First it is useful to look at nondimensional relationships that govern the friction
factor in a laminar pipe flow. For a laminar situation the friction factor has been
found to be the function of only the nondimensional Reynolds number, which is a
nondimensional number defined using the diameter of the pipe, the bulk velocity of
the fluid, and the viscosity of the fluid as shown in equation 2.14. This relationship






Additionally, as there is no added wall shear stress for a rotating pipe due to solid
body rotation, this relationship is also valid for a rotating system.
However, the addition of turbulence to the system causes the friction factor to be
less simple to find. In addition there is also influence that can be introduced by the








where Φ indicates an unknown function and ε is the surface roughness of the pipe.
To understand why the surface roughness is needed it is useful to look at the
relative Reynolds numbers at varying distances from the pipe wall. For a laminar flow,
the Reynolds number is fairly low at all locations which indicates a flow driven by
viscous forces. Due to this, the fluid is able to maneuver around any small blemishes
in the wall without it disrupting the overall flow. However, in a turbulent flow this
is not necessarily the case. In a turbulent flow there is a small range of distances
from the wall in which the velocity is relatively small and by extension has a small
relative Reynolds number. This region, often called the viscous sub-layer, is driven by
viscous forces and can therefore contort to blemishes in the wall much like a laminar
flow. However, due to the overall high velocities this layer is often extremely thin.
If the surface roughness of the pipe is close to or larger than this thickness, it will
begin to interact with the transitional layer, or the region driven by inertial forces.
When this occurs, additional eddies of turbulence can form around the roughness and
begin to propagate throughout the flow as defined via the turbulent kinetic energy
equation 2.22. Correspondingly, pressure drag can be produced by the roughness
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elements when the roughness heights exceed the viscous sublayer depth, contributing
to additional pressure losses and drag. Thus, the surface roughness must be included
in the formulation of the friction factor function.
As there is no way to analytically determine the relationship between the friction
factor, surface roughness, and Reynolds number accurately, it is necessary to analyze
this using experimental data. Most formulations for this relationship are based upon
the work of Johann Nikuradse who coated a number of pipes in varying sand grain
sizes to allow for accurate determination of pipe roughness (Nikuradse, 1950). This
data was then compiled by Lewis J. Moody into what is now known as the Moody
diagram. From this data a best fit curve was used to form a relationship between
friction factor, Reynolds number, and the nondimensionalized surface roughness. This













As this formulation is based upon experimental data there are a number of uncertain-
ties inherent in its use. Despite this, the Colebrook equation is generally accepted as
the way to solve for the friction factor for axial pipe flow.
Unfortunately, the addition of rotation into the system adds another layer of
complexity. While for a laminar flow the axial velocity profile and the rotation rate
are unrelated, the introduction of Reynolds stresses into the formulation makes this
no longer the case. Additionally, for sufficiently high rotation rates, Coriolis and
centripetal body forces can no longer be neglected and will act to change the shape of
the streamwise velocity profile. As such, for an axially rotating pipe flow the friction
factor must also be considered to be a function of the rotation number, N . This
nondimensional number is defined as the azimuthal velocity at the wall divided by





where Ω represents the angular velocity of the pipe (Facciolo et al., 2007). Thus, for









While many studies have been done on this relationship, as will be discussed in
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Chapter 3, there is not yet a widely-agreed-upon formulation for this relationship.
2.5 Head Losses
Analyzing a system through its governing equations and through nondimensionaliza-
tion is effective for categorizing a flow. However, additional useful insights can be
gained by considering the flow using the energy equation derived from the first law of
thermodynamics. For a system, the first law gives rise to the idea that the “time rate
of increase of the total stored energy of the system” is equal to the “net time rate of
energy addition by heat transfer into the system” plus the “net time rate of energy
addition by work transfer into the system.” By analyzing a system in this way it is
possible to form an equation that captures how energy within the system enters and
leaves the system.













+ yin + hs − hL (2.46)
known as the mechanical energy equation or extended Bernoulli equation. As this
equation is used when looking at a control volume, the subscripts “in” and “out”
simply indicate whether the term is for energy entering or leaving the control volume.




(U2/2)ρV · n̂ dA
ṁU2b /2
, (2.47)
where V is the volume of the control volume and A is the cross section area with
normal unit vector n̂ through which the flow is passing. This coefficient is used to
correct for non-uniformity within the flow. For a uniform flow α = 1, for a laminar
flow α = 2, and for a turbulent axial pipe flow it is usually approximated as α = 1.08.
The variable y is the height of the fluid particle being observed and shows potential
energy, and γ is the specific weight of the fluid as defined by
γ = ρg. (2.48)






where Ẇshaft,in indicates the shaft power transfer into the system and is related to
the torque Tshaft, applied to the system by
Ẇshaft = Tshaftωshaft (2.50)
where ωshaft is the rotational velocity of the driving shaft and is related to the angular
velocity of the pipe by the gear ratio. For a system where the boundary conditions are
rotating, such as the one being examined in this paper, an input of work is required to
drive this motion. This work is encapsulated by the shaft work head term. It should
be noted that this formulation assumes a lack of external frictional forces which is
not the case in practical applications. Additionally, without the inclusion of friction
forces, the shaft work head only acts to balance out the azimuthal wall shear stress
caused by the fluid. In a friction less system including a fluid undergoing solid body
rotation, the shaft work head would be zero once the desired rotation rate is achieved,
and no further input would be required. However, in a fluid whose azimuthal velocity
profile deviates from the linear profile inherent in solid body rotation, the resulting
shear stress and any friction on the system is balanced by the shaft work head term.
The term in equation 2.46 that is of interest for the experiment performed in this
document is the head loss hL.
The head loss is usually considered as the combination of two terms: the major
head losses and the minor head losses. The minor head losses consist of energy losses
due to bends in the pipe, valves, tees, or similar variations in the shape of the pipe.
The major head losses come from interactions between the surface of the pipe and the
fluid. As is expected, this implies that the head loss of the system is directly related
to the axial wall shear stress. As the test section being analyzed is straight and will
therefore not have any minor head losses associated with it, this paper will discuss
major head losses first.
2.5.1 Major Head Losses
To reach a relationship between the wall shear stress and the major head losses, it is
necessary to make some assumptions. First, as the area being analyzed contains no
bends or other shape changes, the minor head losses term can be considered to be
zero. Second, if we consider the inlet and outlet of the control volume to be at the
same vertical height, then there is no change in potential energy and the y terms will
cancel out. For now also consider a non-rotating, fully developed, situation where the
shaft work head hs is zero. This will not be the case for a developing rotating system,
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but is useful for now to allow for comparisons. Finally, if the system is considered
fully developed along its length then the inlet and outlet bulk velocities along with
their associated kinetic energy coefficients will be the same and thus cancel out. Using




By using the relationship between pressure drop and the wall shear stress found in





Alternatively, by utilizing the definition of the friction factor, equation 2.39, the







However, the introduction of rotation to the system complicates this. For a lam-
inar flow, rotation will not change the velocity profile of the stream wise velocity.
Thus, the only variation is the necessity to include the shaft work head if the system
is not fully developed. For a turbulent flow on the other hand, rotation does influence
the velocity profile of the axial flow and, by extension, the inlet and outlet kinetic
energy coefficients α. By utilizing the definition of the bulk velocity given in equation





Maintaining the assumption that the bulk velocity remains constant through the shaft








for a rotating turbulent flow, where ∆p = pin−pout and ∆α = αin−αout. Once again,












From these derivations it can be seen that rotation plays a key role in the head
losses of the system. Being able to analyze how the kinetic energy coefficient, α,
changes along the length of the rotating pipe would allow these head losses to be
directly measured and compared to head losses experienced by a laminar flow. If
this value is negative, indicating the flow to be trending towards a laminar velocity
profile, this could hypothetically indicate a more stable profile less prone to turbulent
transition. A desire to measure values such as this is one of the reasons why the exper-
imental apparatus described later in this document is designed to allow for Particle
Imaging Velocimetry (PIV) experiments to be conducted in the future. Furthermore,
if the rotating section of pipe is long enough that fully-developed conditions can be
established in the rotating section, then ∆α can be assumed small. Hence the current
apparatus was designed with a rotating section of length expected to establish fully
developed conditions.
2.5.2 Minor Head Losses
While there are substantial theoretical calculations that can be done to determine
major head losses, this is not the case for minor head losses. As minor losses deal
with loss in energy due to changes in the flow pathway of the fluid, such as through
valves or bends in the pipe, these flows can often only be analyzed through flow
simulation or through experimentation. Commonly the minor head loss through a





where KL is known as the loss coefficient and is determined experimentally.
To determine the total minor head losses throughout a system it is therefore only
necessary to consider the sum of the loss coefficients of each component within the










where n is the total number of components in the system across which minor head
losses are being experienced. While not explicitly needed for the calculations being
done in the experiments being performed, this information is useful when looking at
how much pressure increase the fan or blower in a recirculating wind tunnel needs to




The relaminarization of turbulent flows has been a topic of study for many years,
and has been documented in a variety of different experiments. The experiments of
Viswanath et al. (1978) were some of the earliest looking into different ways through
which flows could relaminarize. The most relevant finding was the laminarization of
the turbulent flow in a coiled tube. When dye was injected into the tube upstream,
it mixed rapidly showing turbulence. However, when the dye was injected into the
fourth coil the dye did not mix indicating the potential existence of laminar conditions.
Once out of the coil the mixing resumed showing that the curved wall of the tube
caused this reversion. While not axially rotating, this experiment shows an example
of rotation, around the coil’s axis, causing relaminarization. This relaminarization
has also been seen in the situation of rotating pipe flow.
One of the earliest experiments on rotating pipe flow was performed by White
(1964). His experiment utilized both pressure measurements and dye to analyze how
the introduction of rotation changed the development and properties of pipe flow. The
experiment spanned across a Reynolds number range of Re = 1×103 to Re = 3×103,
and rotation number range of N = 0 to N = 7, and included a variable length test
section that allowed for lengths of 69.3D, 109.3D, and 232D. He also incorporated
the use of dye injected into the stream to analyze how the introduction of rotation
affected mixing, and by extension turbulence, within the pipe. His experiments found
that higher rotation numbers corresponded to less pressure loss, which indicates a
lower friction factor and wall shear stress, across the section of pipe. Additionally,
the dye visualizations showed that higher rotation numbers resulted in less radial
migration of the dye. He compared this to the dye profile in a laminar flow through
the non-rotating pipe to show that the flow had relaminarized. He also noted that
for low Reynolds numbers the rotation seemed to have a destabilizing effect, causing
the flow to transition to turbulence. However, he attributed this early transition
to perturbations introduced by the transition between his rotating and stationary
sections as well as small vibrations in the system he could not eliminate.
Shortly after White’s experiments, a group at the Illinois Institute of Technology
released a paper in which they detail a set of experiments using thermistor probes and
dye to analyze rotating pipe flow (Nagib et al., 1969). Their experimental facility had
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two operating modes. The first used a single pass method where the system was fed
through a pressure-tight chamber connected to the pipe through a valve and drained
into open air after the test section. This setup allowed for higher Reynolds numbers,
but introduced air bubbles that could interfere with their readings. Instead they
used the other option for most of the experiment which recirculated the water from
the outlet back into the pressure chamber. This method reduced the air bubbles,
but introduced heat to the system which was combated by allowing the system to
reach equilibrium with the environment before taking measurements. The main focus
of their experimentation was to determine how solid body rotation influenced the
flow. It was found that they were only able to maintain solid body rotation up to
N = 4, and thus the experiment was only performed at rotations up to this value.
The results of the experiment indicated that solid body rotation causes the flow to
destabilize, inducing turbulence at much lower Reynolds numbers than a non-rotating
system. This result imply that the destabilization experienced by White (1964) in his
experiment was not due to flaws in his experiment, but is actually a characteristic of
this type of flow. While the rotation numbers achieved in this experiment were fairly
high for this type of experiment, the length of their rotating test section was only
23D meaning that the rotating flow may not have had the time necessary to become
fully developed. Additionally, the flow only achieved Re < 7 × 103 and the focus
on solid body rotation means that the results may not hold true when the velocity
profile is allowed to deviate from this parameter.
After the release of these documents, a group of researchers from Nagoya Uni-
versity in Japan constructed their own rotating flow facility and started performing
measurements. This facility utilized a 100D upstream section to allow the flow to be-
come fully developed and had two different diameter test section options that allowed
for lengths of up to 163D and 320D respectively. In their first published experiments,
Kikuyama et al. (1983) achieved rotation numbers of up to N = 3 at Re = 104 and of
up to N = 1.5 at Re = 2× 104. Using Laser Doppler Velocimetry (LDV), they found
that the introduction of rotation to a turbulent flow caused the axial velocity pro-
file to become nearly parabolic, which is the velocity profile shape of a laminar pipe
flow. From this data they made the prediction that at rotation numbers higher than
N = 3.5, the ratio of the centerline velocity to the bulk velocity would be 2 for all Re,
indicating the flow to be fully laminar. They also found that as the rotation number
increases, the friction factor lessens. In addition, this correspondence becomes more
pronounced as the Reynolds number increases. Finally, when analyzing the azimuthal






where Uθw is the azimuthal velocity of the pipe wall. In addition to experimenting
with turbulent flows being introduced to rotation, they also looked at how laminar
flows reacted to the introduction of turbulence. They found that introducing rotation
to a laminar flow caused it to destabilize and become turbulent, increasing the friction
factor in the process.
The data obtained in this paper was used by Reich, Weigand, and Beer to support
their mathematical models of how a turbulent flow would develop when introduced
to rotation (Reich et al., 1989). Their mathematical models closely followed the
results obtained in Kikuyama et al. (1983), but predicted that as N increases, the
flow will deviate less from rigid body rotation. However, due to the destabilizing
effects of rotation the centerline velocity would never reach the same magnitude as the
centerline velocity of a laminar flow at the sameRe, meaning that the flow would never
truly become laminar. This work was further developed by Weigand and Beer to show
that a universal set of variables could be established for how the turbulent system
could be analyzed (Weigand and Beer, 1994). This document postulated that the





is in fact universal for all rotating turbulent







which all turbulent velocity profiles could be scaled to achieve a universal velocity
profile.
Later the team at Nagoya University adjusted their apparatus to allow for an
increase in rotation number up to N = 5 (Nishibori et al., 1987). With this rotation
number they were able to show that at rotation numbers above the 3.5 they predicted
in their first paper, the flow demonstrated relaminarized properties at diameter dis-
tances from 20D to 60D from the rotating inlet, with the process being promoted by
lower axial Re. Also it was found that rotation acted to reduce radial variance which
supports the results of the dye experiments performed by White (1964) in his early
experiments. In this experiment the flow had the appropriate downstream length
with which to relaminarize. Due to this, it became possible to analyze how the flow
acted past this laminarization distance. In this downstream area it was observed that
the flow underwent bursts of turbulence. These burst of turbulence were concluded
to be due to the destabilization of the laminar flow by rotation which was predicted
to an extent by Reich et al. (1989).
After the conclusion of Nishibori and Kikuyama’s experiments, another group at
Nagoya performed their own set of rotating pipe flow experiments in 1996. Their
experiment utilized water as the working fluid and featured a refeed length of pipe
rather than feeding into open air. All runs of the experiment were performed at a
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Reynolds number of Re = 2 × 104 and only examined the relatively low rotation
number range of N = 0 to 1. One thing that their work looked at that many others
did not, is how the flow developed throughout the rotating test section. They did this
by taking LDV measurements at lengths of 30D, 60D, 90D, 120D, 160D, and 180D
downstream from the rotating test section’s inlet. They found that in the rotating
test section at these parameters, the flow became fully developed by the 120D length.
In addition, their experiment looked at how friction factor was affected by rotation,
and found that at N = 0.5 there was a 20% decrease in friction factor and at N = 1
there was a 40% decrease in the friction factor. Finally, they found that all turbulent
fluctuations within the flow decreased with increasing rotation number with shear
stresses decreasing at a faster rate than turbulent kinetic energy, and that as the
rotation number increased skewness in the azimuthal velocity profile decreased (Imao
et al., 1996).
As computers developed further in their capacities, much research into the topic of
rotating pipe flow in recent years has been dedicated to developing new computation
methods and analyzing the flow through Direct Numerical Simulation (DNS). By
utilizing DNS it becomes possible to closely analyze how the flow behaves without the
need for large experimental facilities. However, these simulations are often limited in
size and Re range such as the simulation performed by P. Orlandi and M. Fatica which
looked only at a range of 0 ≤ N ≤ 2 and Re = 5× 103. Additionally their simulation
used the assumption that the flow was already fully developed limiting insight into
how the flow develops over the length of the pipe. This simulation showed deviation
from experimental data with the experiments showing interactions from effects and
forces not encapsulated by the simulation. However, this simulation did reveal the
development of large-scale helical turbulent structures that form in the central region
of the pipe which causes pressure fluctuations within the flow (Orlandi and Fatica,
1997).
As DNS requires the simulation to resolve all the temporal and spatial scales
of the turbulence, it is computationally expensive, causing it to be limited in the
Reynolds numbers of the systems it can accurately predict. Thus, many efforts have
been made to develop new ways to analyze turbulent flows. One such effort was made
by a collaboration between the Russian Academy of Sciences and Novosibirsk State
University (Zaets et al., 1998). Their research presented three different mathematical
models to attempt to close the RANS equations and provide an accurate model for
turbulent flows. In order to test their models they performed an experiment with
Re = 4 × 104 and a rotation number range of 0 ≤ N ≤ 0.6. Their wind tunnel
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featured a 100D stationary section followed by a 25D rotating test section. Their
input was maintained at a constant temperature with a heater and velocity profiles
were measured using hot-wire anemometry. Similar to other experiments performed at
this range, their results indicated increasing non-uniformity of the azimuthal velocity
profile and an increase in the centerline streamwise velocity. In addition, despite the
relatively low rotation number analyzed, it was found that there was a noticeable
reduction in turbulent kinetic energy, shear stresses, and dissipation rate.
However, since the early 2000s, interest in the topic of swirling pipe flows seems
to have waned. One of the most recent experiments done on the topic was in 2007 by
a research team at the Royal Institute of Technology in Stockholm, Sweden. Their
flow was fed through a settling chamber followed by a stagnation chamber to allow
for any large scale eddies in the flow to die out before entering into the test section
of the apparatus. Their rotating test section was 100D in length and placed their
honeycomb flow conditioning inside of the rotating test section to assist in bringing
the flow into rotation. The majority of the pipe was made of stainless steel, but
featured a 3.5D length of glass pipe at the end through which LDV, PIV, and hot-
wire data could be taken, all of which had good agreement with one another. Their
apparatus fed into open air to allow for analysis of a swirling jet flow as well, but only
allowed for 2D of length between their rotating pipe flow measurements and entry
into this jet region. Despite this, they were able to take data at Reynolds numbers
Re = 1.2× 104, 2.4× 104, and 3.35× 104 and at rotation numbers of N = 0, 0.2, 0.5,
1.0, and 1.5. Unfortunately, rotation numbers 1 and 1.5 could only be achieved for
Re = 1.2 × 104. Their results led to the conclusions that the parabolic flow profile
produced from rotation was independent of Re. In addition they determined that
the Reynolds stress tensor component uruθ is the sole driver of the azimuthal flow








observations, the results exhibited by their experiments and numerical simulations
closely align with those predicted by past experimentation (Facciolo et al., 2007).
To summarize, while a decent amount of experimentation has been done to try
and analyze the relaminarization phenomenon that occurs within a rotating pipe flow,
the issue of achieving data at points of both high Re and high N . This is due to the
way in which both are dependent upon the streamwise bulk velocity. As this velocity
increases, the Reynolds number increases but it causes the rotation number of the
system to decrease unless the rate of rotation is increased. To solve this problem, the
apparatus detailed in this paper is designed to utilize pressure to increase the Reynolds
number through increasing ρ instead of increasing the streamwise bulk velocity. This
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Figure 3.1: Graph showing data collection ranges of other experiments and experiment
detailed in this paper.
will allow for the same range of rotation numbers to be analyzed at a wider range
of Reynolds numbers. To visualize this, Figure 3.1 shows the parameters used in the
previously mentioned experiments and compared them with the data range achieved
in the experiment outlined in Chapter 5. Another issue that the tunnel attempts
to solve is in test section length. The only experiment that achieved a high enough
rotation number and length of pipe to observe relaminarization was that performed
by the Nagoya team in 1987 where they achieved parameters of N = 5 and Re = 5000.
At these parameters they achieved laminar streamwise velocity profile within 20D to
60D. Based on this, it is hoped that with the length of 122D achieved in the pipe
flow apparatus detailed in the next section, it will be possible in the future to use
PIV to observe the same burst of turbulence that were observed by the Nagoya team
(Nishibori et al., 1987).
It should be noted that while the Facciolo experiment performed in 2007 is one
of the most recent documents looking at rotating turbulent pipe flow specifically,
there has been recent analysis into other forms of rotating flows that may provide
additional insight into the problem. The topic of greatest interest is that of the
formation of large cohesive turbulent structures within rotating systems. These large
scale turbulent structures can be seen most readily in natural phenomena such as
whirl pools and tornadoes. Standard rotating flow theory dictates that the formation
and propagation of these large scale structures is dictated by nonlinear turbulent
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wave propagation (Cambon, 2001). However, a team at Cambridge university has
recently been analyzing if their formation is partially generated through linear wave
propagation at smaller time-scales (Davidson et al., 2006). While this type of analysis
is outside the scope of the experiments conducted here, the large-time-scale structures
detailed by experiments of this type aligns well with the helical structures observed
by Orlandi and Fatica in their experiments (Orlandi and Fatica, 1997). It is possible
that rather than relaminarizing the flow as current experimentation as indicated,
that instead turbulence is resolved into these large-time-scale structures in the center
of the pipe flow. This type of compacting could lead to similar streamwise and
azimuthal velocity profiles as those seen, but may escape detection in data collection
only taken at short instances in time. If this is the case it may also serve to explain
the bursts of turbulence observed by the Nagoya team downstream of the point where
the flow becomes fully developed (Nishibori et al., 1987). While this is outside of the
scope of the friction factor experiment performed in Section 5, it is hoped that future
experiments performed using the created apparatus detailed in the next section may




In order to properly analyze how rotation affects turbulent flow within a rotating
pipe, it was necessary to construct an experimental apparatus. A central desire for
the apparatus is to achieve testing at relatively high N while simultaneously achieving
high Re. Additionally it is desired to perform future analysis of the pipe flow using
Particle Image Velocimetry (PIV). In order to utilize this measurement technique it
was desired that light refraction through the walls of the cylindrical test section be
kept to a minimum. Based on preliminary work done by past researchers, it was
determined that the nominal internal diameter to be used would be 3” (7.62 cm)
and cast acrylic tubing with a wall thickness of 0.125” (0.3175 cm), provided by
ePlastics, was chosen as the test section material. This was due both to the available
materials at this internal radius being of high enough visual quality, but also as this
was the largest diameter that could be selected and still allow for adequate lab space
to construct a wind tunnel long enough for the experimentation. Additionally, as
the material was cast rather than extruded it was determined that it would have less
variation in axial concentricity and wall thickness, which the manufacturer lists as
having a tolerance of 0.020” (0.0508 cm). It is generally accepted that 100D is an
adequate length for a turbulent pipe flow to become fully developed (Kikuyama et al.,
1983; Zaets et al., 1998; Facciolo et al., 2007). Thus, the wind tunnel was designed
to utilize a 100D upstream stationary section to allow for the flow to become fully
developed under non-rotating conditions, followed by a 121D rotating test section.
Based upon the results of Nishibori et al. (1987) this test section length should be
long enough to allow for observation of the full development of the flow in the rotating
section for rotation numbers N ≥ 3.
Another desire of the experimentation, as touched on previously, is to manage
high levels of rotation while also maintaining high Reynolds numbers, in order to try
and observe the effects of both on the friction factor as found in Kikuyama et al.
(1983). However, as the rotation number of the flow is based upon the axial velocity
and the tangential velocity, it is easiest to achieve high rotation numbers at lower
axial velocities. Because of restrictions on wind tunnel size due to laboratory space
it became necessary to raise the Reynolds number through different means. Thus,
by selecting air as the working fluid and utilizing the real gas relations outlined in
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Appendix A, it was determined that the Reynolds number could be increased instead
through pressurization as this directly affects the density of the fluid. Air was selected
due to the ease of compression using devices and facilities already contained within
the laboratory.
Figure 4.1: A simplified representation of the pipe flow system
As can be seen in Figure 4.1, the rotating test section and the stationary flow
development section are both housed within a larger external pipe. By housing the
test sections within a larger pressurized pipe, the differential pressure between the
inside of the test pipe can be kept minimal and deformation due to pressure in the
optical sections can be assumed to be negligible. For simplicity this paper will refer
to any structures undergoing pressure differential between the pressurized air and
the atmospheric air as external structures and components not influenced by atmo-
spheric pressure as internal structures. While Figure 4.1 provides a simple overview
of the system, it fails to capture the steps taken to reach final design nor the specific
parts implemented. To further elaborate, the following sections will focus on specific
components of the pipe flow apparatus.
4.1 External Piping
As can be seen in Figures 4.2 and 4.1, the stationary and rotating test sections are
enclosed within a larger piping structure that acts as a pressure vessel with windowed
attachments to allow for PIV measurements. The downstream region of pipe located
after the conclusion of the rotating test section and the upstream section of the
stationary pipe consists of unmodified 6” AIRnet aluminum piping rated for a max
internal pressure of 189 psi with a safety factor of 4. This pipe has an outer diameter
of 6” (15.24 cm), an internal diameter of 5.71” (14.5 cm), and is made from extruded
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aluminum alloy 6063 T5.
Figure 4.2: Photo of pipe flow apparatus
from downstream
The sections of pipe through which
the rotating test section passes have
been modified to include windows for
dual camera PIV measurements to be
taken. The four sections of windowed
piping along the rotating test section are
each 69” (1.75 m), or 23D, in length
with a windowed attachment welded at
the center, through which PIV measure-
ments can be made. In addition to the
camera view ports located horizontally,
there is also a smaller window located
on the bottom that allows for the laser
to pass through to the inner pipe. The
windowed sections are constructed us-
ing welded 6061 aluminum. In addition,
each window features a 1/4”-20 threaded
6061 aluminum flange that is welded to
the sheet aluminum. The window itself
is a clear poly-carbonate sheet with a
recess for o-ring cord. Finally, an alu-
minum cover piece is then placed over
the poly-carbonate window and fixed in
place using standard 1-1/2” long 1/4”-20 socket-heat screws. In this way the o-ring
is properly compressed to form a full seal. An exploded view of this assembly can
be seen in Figure 4.3, and detailed drawings for each custom part can be found in
Appendix C.
Each section of windowed pipe was tested individually for leaks by directly at-
taching the measurement plates and their flanges, discussed later, to the the pipes
ends. The system was then pressurized until either reaching 100 psi or when a sig-
nificant leak was identified. During the first round of these tests, no pipe reached
above 50 psi before leaks were identified. These leaks were then repaired and the test
was repeated. During the second round of testing it was identified that at approx-
imately 75 psi, the large weld seam connecting the PIV window to the pipe would
undergo failure due to expansion of the window causing additional force on the weld.
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Rather than rework the part completely, the edge of each PIV window was reinforced
using low-carbon steel U-channel held in place using a high strength c-clamp. This
succeeded in preventing bowing and allowed for successful pressurization up to 100
psi. After repairs were made to the failed seams, each welded seam was then sealed
using a hybrid polymer sealant rated for 400 psi to additionally prevent air leaks.
Based upon these tests it is recommended to conduct testing at pressures of only up
to 75 psi using the current configurations due to safety concerns. In the future, it
is recommended that the materials used for these windowed sections be reexamined
and replaced to increase safety.
Figure 4.3: An exploded view of one of the
windowed pipe sections.
The last custom part utilizing the 6”
aluminum pipe is a custom bend shown
in Figure 4.4. This length of pipe serves
to connect 4” aluminum pipe used in the
re-feed length, to the 6” pipe that houses
the test section. It is a simple weld of a
small length of the 4” pipe to a length
of the 6” pipe and is sealed using the
same hybrid polymer used to seal the
windowed sections of pipe.
The final portion of external piping
used in the system is the re-feed length.
This is a length of pipe that serves to
maintain pressure and allow the flow of
air to complete a full circuit within the
system. To begin the re-feed length of
pipe, a standard reducing socket is at-
tached using a 6” equal union to the end
of the 6” pipe and then attached using
Figure 4.4: A custom pipe tee that connects 6” aluminum pipe to 4” aluminum pipe.
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Figure 4.5: Transition between main pipe structure and refeed pipe.
a 4” equal union to a 4” equal tee. This transition section can be seen in Figure
4.5 The equal tee then connects to a flange that will be discussed later, and the 4”
aluminum pipe used in the re-feed section. Save for the standard 4” elbow seen in the
Figure 4.5, the rest of the re-feed section consists of the 4” (5.08 cm) outer diameter,
3.88” (9.86 cm) inner diameter, 6063 T5 aluminum pipe. This pipe connects through
another reducing connector and flange to a custom housing section for the electric
ducted fan (EDF), discussed in a later section, which drives the axial flow.
As mentioned a few times, the primary method of fastening the various lengths
of pipe together is through use of equal unions and standard flanges. However, as
can be seen in Figure 4.2, between each windowed pipe there is a pair of flanges that
connect to a plate. These parts serve as connections to the large blue stands also
pictured, and will be discussed more in depth in Section 4.3.
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4.2 Internal Piping
While the external piping allows the system to be pressurized, the internal piping
is the test section through which the flow being analyzed passes. All the internal
piping used has an internal diameter of 3” (7.62 cm), but external diameters as well
as materials vary. This section will discuss the stationary test section and the rotating
test section separately as much of their materials and fittings differ.
4.2.1 Stationary Test Section Pipes
The stationary test section of the system is composed of two different lengths of
pipe. The first is a 20’ (6.1 m) length of transparent butyrate pipe from Busada
Manufacturing Corporation. This pipe has an inner diameter of 3 in. and an outer
wall diameter of 3.375 in. Busada specifies that their butyrate pipe has a refractive
index in the range of 1.46-1.49, and is more resistant to yellowing over time than
acrylic pipe. Additionally, due to the requirements to ensure this clear and precise
refractive index, the assumption that the pipe is hydraulically smooth can be made.
Unfortunately, as the maximum length of butyrate pipe that can be ordered as a
single piece is the listed 20 ft., or 80 diameters. Thus, it was necessary to include an
additional 5 ft., 20 diameters, of length to reach the desired 100 diameters. However,
as this length of pipe was placed upstream of all PIV windows, there was no need
for transparency. As such, this length consists of 3” AIRnet aluminum pipe. The 3”
aluminum pipe has an inner diameter of 3” (7.62 cm) and an outer diameter of 3.14”
(7.98 cm). The pipe has a smooth finish on the inside, but to decide whether it could
be considered hydraulically smooth, a sample of the pipe was analyzed using a high
precision 3D optical profiler system. This study revealed that the aluminum pipe
has a maximum peak to valley surface roughness of approximately 2.0 microns. This
gives a relative pipe roughness ε
D
of 2.6× 10−5. Based upon the Colebrook equation
(eq. 2.43), this roughness can be treated as hydraulically smooth for Re < 106.
A custom coupler was made to connect the two lengths of pipe. However, this
coupler held the two pipes in direct contact and did not serve as part of the test
section wall. As the coupler also featured an addition to help support the pipes, it
will be discussed in more detail in Section 4.4.1.
It is worth noting that the stationary test section is not the only internal stationary
pipe. In the design there is a second length of stationary pipe downstream of the
rotating test section. The main purpose of this length of pipe was to house the
pressure tap and Venturi flowmeter needed to properly measure the flow pressure loss
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across the rotating test section and the bulk velocity of the streamwise flow. The pipe
itself is PVC with an inner diameter of 3” (7.62 cm) and an outer diameter of 3.5”
(1.38 cm). As this length of pipe does not contribute to the stationary test section
length, but is instead to for flow measurement and analysis, it will be discussed in
greater detail in Section 4.8.
4.2.2 Rotating Test Section Pipes and Couplers
The rotating test section of the pipe went through many iterations before arriving at
the final design. All of the variations were aimed at reducing or removing vibrations
within the system. Many of these design iterations involved shifting of how the pipe
was supported, the specifics of which will be discussed in Section 4.4.2.
Figure 4.6: The 8” (20.32 cm) coupler used
to connect lengths of rotating pipe.
The first iteration can be seen in Fig-
ure 4.7. As the system is symmetric
across the central drive pipe only one
half of test section is shown. Unlike
the stationary section that utilized bu-
tyrate pipe for the clear PIV lengths, the
rotating section uses clear cast acrylic
pipe supplied by ePlastics. This deci-
sion was made assuming that cast pipe
would have higher tolerances than ex-
truded pipe as it can cool more uni-
formly. Thus, the first design features
four 6 foot (1.83 m) lengths of cast
acrylic pipe with an outer diameter of
3.250” (8.255 cm) and thickness of 0.125”
(0.318 cm) with a tolerance of −0.0 to
+5%. These pipes are connected via cus-
tom turned PVC couplers that feature an
inner diameter of 3” (7.62 cm) and an in-
ner wall length of 8” (20.32 cm) shown
in Figure 4.6. The couplers are connected to the pipe using friction maintained using
worm drive high-torque hose clamps. The pipe was then supported at each coupler
using three maintenance-free track rollers. However, testing showed that the acrylic
pipes were not as straight as hoped and the system suffered from heavy vibrations.
To try and mitigate vibrations within the system, additional support structures
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were implemented within the system on either side of the PIV windows as seen in
Figure 4.8. The primary goal of these were to prevent the pipe from bending under
its own weight, but were also intended to force any bends inherent in the pipe to be
straight. Unfortunately two problems emerged from this setup. The first problem
was that the force of the vibrations on the track followers caused the pipe to deform
rather than stay straight. The second was that the vibrations caused excessive force
on the followers causing high heat and abrasions on the pipe.
At this point the decision was made that not all the PIV windows needed to be
view-able at the same time. Thus, whichever section was not being tested at the
time could use an opaque internal pipe rather than a clear one. Then the lengths
could be switched in orientation to allow for the other windows to be available for
other tests. Because of this allowance of opaque pipe, the straightness of the 3” (7.62
cm) diameter aluminum pipe already in use in the stationary section was analyzed.
Despite the aluminum pipe being manufactured via extrusion, the thermal expansion
coefficient of aluminum is significantly less than that of acrylic which led to the lengths
of aluminum being straighter.
This assertion led to the testing of design three shown in Figure 4.9. For this
design most of the acrylic pipe was replaced with 3” (7.62 cm) aluminum pipe with the
exception of a small acrylic section located at one of the PIV windows. Additionally,
the length of the aluminum pipe used allowed for two of the main couplers to be
removed from the design. Instead sleeves to increase the outer diameter of the pipe
were machined for the plate locations and the other track follower supports were re-
made to lay directly on the pipe to support. However, the acrylic section of pipe
featured two new small couplers that allowed for 85mm inner diameter ball bearings
to be used to ensure minimum vibrations. Unfortunately this high concentration of
couplers and worm drives around the acrylic section introduced additional points of
failure as these couplers had to be extremely thin to accommodate the ball bearings.
Additionally, the track followers used to support the aluminum pipe still suffered the
overheating issue and began damaging the pipe they were fixed directly on.
The fourth and final design, which is currently in use, returns to a similar setup as
that shown in Figure 4.7 while eliminating most of the cam followers from the design
and utilizing both a 6 foot (1.86 m) length of acrylic and a 6 foot length of aluminum
(Figure 4.10). To minimize necessary redesign, shielded 85 mm ball bearings were
situated to either side of the main couplers to support the pipe. Additionally, one ball
bearing was placed near the PIV window being utilized to ensure minimum vibrations
and distortions in the pipe at that location. Track followers were still utilized in the
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Figure 4.7: The first design rotating section design iteration featuring only acrylic
pipe and supported by track rollers.
Figure 4.8: The second design rotating section design iteration featuring only acrylic
pipe and supported by track rollers at both the couplers and PIV windows.
Figure 4.9: The third rotating design utilizing primarily aluminum save for an acrylic
view section. Supported using both roller bearings and track followers.
Figure 4.10: The final design which utilized both a length of aluminum and a length
of acrylic while replacing most track followers with ball bearings.
end plates in order to provide support, but minimal force is placed on these due to
the presence of the ball bearings and they mostly serve to center the pipe. While
not pictured in Figure 4.10, this design also features short 9” (22.86 cm) lengths of
aluminum pipe. These length primarily serve to connect to the rotary couplers that
will be discussed more in the next section.
The one part that remained constant throughout all of these designs was the
trimmed chemical-resistant PVC pipe at the center. This pipe has an inner diameter
of 3” (7.62 cm) and an outer diameter of 3.5” (8.89 cm), shaved down to 3.25” (8.26
cm) for the 2” (5.08 cm) length connected to the main couplers. This pipe is 15.5”
(39.37 cm) in length and is where the belt that drives rotation is connected, as will
be discussed in Section 4.5.
4.2.3 Stationary to Rotating Interface
In the wind tunnel design there are two places where there is a transition between
rotating and stationary lengths of pipe. The first is between the upstream stationary
test section and rotating test section. The second is between the rotating test section
and the stationary pipe downstream. In order to ensure that the rotating test section
and these lengths of stationary pipe are held as near to each other as possible to
prevent any steps from being present at these interfaces, custom rotary couplers were
designed. These couplers, shown in Figures 4.11 and 4.12, consist of two main parts.
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The first part connects onto the end of the stationary pipe and features recessed
areas for an ultra-thin 3.5” (8.89 cm) inner diameter ball bearing and a high-speed
rotary shaft seal for 3.25” (8.26 cm) shaft diameter. The second part connects to the
aluminum length of rotating pipe mentioned in the last second and features a lip for
connecting to the ultra-thin ball bearing.
The purpose of the rotary seal is to prevent air leakage between the external pipe
and the internal pipe. When flow is passing through the pipe, pressure losses across
the test section will lead to a pressure differential between the internal pipe and the
stagnant external pipe. As this rotary seal causes additional friction on the rotating
pipe, the system was first tested without using this seal.
Unfortunately, as the velocity within the system increases, flow would begin to
pass through the bearings on these couplers, which affected velocity measurements.
Luckily, as the differential is relatively small, lubricant could be applied to the seal to
reduce friction without causing it to be less effective. The measurements featured in
the analysis section of this paper feature only a seal on the coupler directly before the
Venturi flow meter as it was identified as the coupler more likely to cause measurement
issues as it experiences the greater pressure differential. Both couplers would have
been sealed, but time constraints prevented the second from being added.
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Figure 4.11: The assembled rotary coupler that connects stationary and rotating pipe
within the system.
Figure 4.12: A section view of the rotary coupler assembly.
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4.3 External Supports
Most of the re-feed section of the tunnel and the stationary test section are supported
using two different types of standard pipe stand. The upstream stationary pipe is
supported using three variable height V-head pipe stands, with an additional stand
supporting the downstream stationary length before entering the re-feed. The re-
feed length is primarily supported using 4 adjustable-height strut style floor mounted
supports. Similarly to the V-head stands, three of these were used in the section
running parallel to the stationary test section, and one in the section parallel to the
downstream stationary pipe.
Figure 4.13: Support structures for the ro-
tating test section of the apparatus.
For the rotating test section how-
ever, the support structures were de-
signed using standard 8020 aluminum
components, save for the central plate
and two custom fittings to attach the
plate to the sliding unibearings (Figure
4.13). This was done in part to ensure
that the region of interest, the rotating
test section, is kept still during analy-
sis. While there is limited concern for
movement in the non-rotating regions of
the pipe, vibrations caused by the rotat-
ing pipe could potentially cause move-
ment in the system if not adequately sup-
ported. Additionally, the support plates,
seen housed between the flanges, were
originally designed to house three roller
bearings that would act to support the
internal rotating pipe sections as well.
However, as will be discussed in Section
4.4.2, these bearings were for the most part replaced. The interface between the plate
and the flanges are sealed using 6” (15.24 cm) red rubber gaskets that form a tight
seal when the bolt circles are tightened. It should be noted that the large blue struc-
tures used as the base of these supports are constructed using lengths of square steel
welded together.
There is also a large benefit to constructing these supports using 8020 parts as it
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allows for a convenient location to mount new assemblies to the tunnel. For instance,
adding a simple “H” structure allows for a single person to disassemble these sections
for maintenance or adjustment, a task made simpler by the sliding unibearings the
plates are mounted on. While outside of the current design scope, these support
structures can be extended in the future to also mount the high-speed cameras and
laser needed for future PIV studies.
4.4 Internal Supports
While the external piping can be easily supported using pipe stands or other methods
to locate it above the ground, the internal piping is not as simple. In order to keep the
internal pipe fixed in the enter of the external pipe, it was necessary to create custom
support structures that could be mount to the inside of the pipe or incorporated
as part of other supporting structures. Additionally, most of these structures went
through iterations as was mentioned in Section 4.2.2. This section will elaborate on
these custom fixtures.
4.4.1 Stationary Test Section Supports
Figure 4.14: A support structure used to
maintain centering on the butyrate station-
ary test section pipe.
The stationary test section features two
types of support structure. The first is
shown in Figure 4.14. As the weight
of the pipe is relatively low this part
could be safely manufactured using 3D
printing. The design features screw-to-
expand brass thread inserts for the addi-
tion of set screws into the system. How-
ever, while the support allows for these
in its design, its location in the system
is not such that they can be fully im-
plemented. To install these parts into
the system they can either be fixed to
the internal pipe using nylon-tipped set
screws, or they can be fixed to the external pipe using cup-tipped set screws. Due to
the difficulty inherent in the length of external pipe, the first option was utilized and
the external pipe was slid over the supports. Three of this type of support were placed
at 5’ (1.53 m) intervals along the butyrate pipe. A slight variation of this design with
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Figure 4.15: The coupler and support structure combination installed in the system.
a smaller internal dimension was utilized to support the length of aluminum pipe as
well at 3” (7.62 cm) from its end.
The second type of support was mentioned in Section 4.2.1 and also acted as a
coupler between the butyrate and aluminum pipe. In addition, as it was located
at a break in the external pipe, it was used to prevent rotation in the stationary
section by fixing it to the external pipe with set screws. This support can be seen
installed in Figure 4.15. Due to the complexity of this part along with the relatively
low forces experienced it was made using fused filament 3D printing like the other
internal stationary supports. This coupler holds the sections of pipe in direct contact
39
Figure 4.16: The locating support utilized in the stationary pipe downstream of the
rotating test section.
using high-toque worm-drive pipe clamps.
As mentioned in Section 4.2.2, there is also a length of stationary pipe downstream
of the rotating test section that is used for flow analysis. The details of this pipe
Section will be discussed more in Section 4.8, but it features two different internal
support structures. First, this section features two of the same support structures
shown in Figure 4.4.1. The structure nearest the rotating test section is held in place
on the PVC pipe using cup point set screws as marring its surface was not a concern.
Due to difficulty accessing this support, it is not attached in any way to the external
pipe. The other structure of this type however, is attached to the external pipe using
cup point set screws as its location was accessible. In addition, in order to ensure that
this length of pipe would not rotate, three 5
16
” holes were drilled into the surface of
the pipe using an end mill. Extended tip set screws were then placed in the support
structure, the tips of which connected into these holes in the pipe. In addition to
these two support, the support shown in Figure 4.16 was also utilized. Due to its
close proximity to the second support structure already in place, very little weight
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was actually supported by this part. Instead, this part helps in locating the pipe
with respect to the standard reducing connector shown in Figure 4.5 that shows the
transition from the test sections into the re-feed section of pipe. An added benefit
is that its presence serves to reduce any turbulent eddies that could form in this
transition area that could interfere with the measurements taken from the Venturi
flow meter.
4.4.2 Rotating Test Section Supports
As mentioned in Section 4.2.2, the internal support structure for the rotating test
section underwent many iterations before arriving at the final configuration. The first
two iterations primarily made use of maintenance-free track followers that made direct
contact with either the main couplers or with the pipe itself. These track followers
are rated for 1,200 rpm with a radial load capacity of 45lbs. Unfortunately, due to
vibrations within the system and the need for higher force in order to straighten
the pipe this radial load capacity was easily exceeded and would cause binding or
overheating. Alternatively, as was mentioned earlier, the three contact points could
cause the acrylic pipe to deform.
Figure 4.17: Support plate design that
houses track followers and acts to attach
system to external support structures.
The track followers were held in place
by two different designs. The first is the
aluminum plate shown in Figure 4.17.
This plate is served to hold the track
followers that contacted the main cou-
plers. To accommodate any tolerance is-
sues in the external diameter of the cou-
plers, the top hole for the track follow-
ers was slotted. In order to fasten the
system to the support structures shown
in 4.13, the bottom of the plate features
through holes sized for 5/16 thread bolts.
Also featured is a bolt circle that allows
for the plate to be fastened to the standard flanges mentioned in Section 4.3.
The second design used to support the rotating test section using cam followers
can be seen in Figure 4.18. This part is similar in design to the internal supports
used in the stationary test section, except instead of using set screws to fasten to the
pipe, it instead features through holes for track followers. Originally this part was 3D
printed as well, but after initial testing it was revealed that the plastic would deform
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under the vibration induced forces. Thus, in order to prevent this deformation the
version seen was machined. Despite this, the design was eventually discarded in favor
of ball bearings as they would distribute force to the pipe more evenly and not cause
deformation of the cross-section.
Figure 4.18: Internal support structure
used in early iterations of rotating test sec-
tion.
The shift to ball bearings occurred
at the same time that the 3” aluminum
pipe began to be included in the design
of the rotating test section. This led to
the combined support and coupler design
shown in Figures 4.20 and 4.19. This de-
sign consisted of three parts. The first,
and the core of the design, is an 85 mil-
limeter shielded ball bearing rated for
6,100 rotations per minute and an 11,900
pound dynamic radial load. Second is
the PVC coupler that connected the alu-
minum and acrylic pipes. Not only did
this part act to connect the two pipes,
but it also made up the difference be-
tween the internal diameter of the ball bearing and the outer diameter of the pipes.
Additionally, the coupler featured a lip for the ball bearing to but up against to pre-
vent movement along the axis of the pipe. It was affixed to the pipe using high-torque
worm-drive clamps. The final part of this design is the PVC fitting that served to
Figure 4.19: Cross-sectional view of ball bearing and coupler support design.
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bridge the gap between the external pipe’s inner diameter and the bearing’s outer
diameter. Similar to past designs, this part utilizes cup-tipped set screws to keep the
part in one location in the apparatus.
Figure 4.20: Ball bearing and coupler de-
sign used in design iteration three of the
rotating test section.
Also featured is a lip oriented oppo-
site to the lip on the coupler that pre-
vents movement in the other axial direc-
tion. A concern associated with this part
is that it would act to prevent the exter-
nal pipe from being properly pressurized,
so slots were included in the outside to
ensure proper pressure air distribution.
While the coupler part of the design
was ditched due to instabilities it intro-
duced to the system, the rest of the de-
sign was carried over into the final iter-
ation of the rotating test section. Figure
4.21 shows the final design of the inter-
nal rotating supports. As can be seen,
the only change lies in the PVC sleeve
that locates the ball bearing as well as
connecting it to the internal pipe. The
design allows for the design to be con-
nected using a pipe clamp as previous,
but due to friction is not necessary except to prevent axial movement. For the lo-
cation of the three supports directly next to the main connecting collars, this sleeve
could simply be brought into direct contact with the already affixed coupler for the
same effect with easier installation.
Finally, as mentioned in Section 4.2.2 there is a length of PVC pipe at the center
of the test section that drives rotation. The specifics of this drive will be elaborated
on in Section 4.5, but due to the tight tolerances produced by the belt apparatus
on the outside of the pipe it was necessary to provide additional supports on this
pipe. However, to prevent deformation, a thicker pipe was used for this section.
This increased thickness as well as the slightly reduced inner diameter of the external
pipe tee at this location meant that the previously mentioned 85 millimeter ball
bearings could not be used here. Instead a 4” (10.16 cm) ultra-thin ball bearing
was used. Unfortunately, this ball bearing is not rated for nearly as high speeds and
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Figure 4.21: Final ball bearing support for rotating test section
requires lubrication to continue to function properly, but it works well for the current
application. Figure 4.22 shows the design of the new ultra-thin ball bearing support.
As can be seen the internal support lacks features for connection to the internal pipe.
Instead it relies on friction to maintain contact with the inner pipe and is kept in its
location by direct contact with the timing belt pulley assembly on the outside of the
pipe. The external part, as before utilizes set screws to connect with the external
pipe. A large difference between this design and those used for the larger bearings is
that these set-screws can be accessed after installation without removal of the internal
pipe. Figure 4.23 shows a cross-sectional view of this part installed into the system.
The rest of this view will be further discussed in the next section.
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Figure 4.22: Exploded view of ultra-thin ball bearing support used on the central
drive pipe.
Figure 4.23: Cross-sectional view of drive pipe assembly.
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4.5 Rotation Drive Assembly
A core issue associated with building a rotating pipe flow apparatus, is how to induce
the rotation of the pipe. The difficulty of this is increased further by the necessity
of pressurization. Despite how early in the process this topic was tackled, very few
things required modification during construction and testing. Figure 4.24 shows both
the CAD, Computer Aided Design, model of the design as well as the design installed
in the wind tunnel structure. An exploded view of this assembly as well as detailed
drawings of all custom parts can be seen in Appendix C, so while each will be discussed
in this section, individual parts will not be pictured.
Figure 4.24: The left image shows the
CAD model of the assembly while the right
shows the assembly installed.
To drive rotation, a Groschop model
AC10080NV motor was used. This mo-
tor has an unloaded rotation speed of
1600 RPM and a torque rating of 12.8in-
lbs. Additionally, this motor includes
a US Digital speed encoder that allows
its speed to be read in real-time dur-
ing experimentation. During testing it
was found that the motor can achieve
a maximum speed of around 950 RPM
when fully loaded with the test section,
corresponding to a wall velocity within
the pipe of around 3.75 meters per sec-
ond. This motor is held in place using
two custom-made plates that affix to the
front of the motor and to a standard 8020 series 15 linear bearing. This bearing
allows the motor to be easily moved up and down along the seen track that is affixed
to a custom aluminum plate.
The motor is then connected to a 0.75” (1.91 cm) shaft using a standard flexible
shaft coupler. This shaft is then passed through an appropriately sized high speed
rotary seal ordered from McMaster-Carr that is housed in the same plate that holds
the 8020 scaffolding in place. This graphite filled polytetrafluoroethylene (PTFE)
plastic seal is rated for a maximum pressure differential of 150 psi and speeds of up to
25,500 psi. To prevent the seal from coming loose, a small flat plate is placed on top of
it. Additionally, a flanged ball-bearing is affixed on top of this plate in order to ensure
that the shaft is properly secured and minimize excess movement within the seal that
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Figure 4.25: The internal structures of the rotation drive assembly.
would hinder its effectiveness. The original design for this apparatus utilized a 0.5”
(1.27 cm) thick shaft and a different type of rotary seal rated for similar applications
with lower friction was to be used. However, this seal was easily damaged during
maintenance and prohibitively expensive to require frequent replacements. Thus the
larger seal was selected even though it required a change in shaft size, as it fulfilled
the same design requirements for a fraction of the cost.
Once through this outer plate, the shaft is connected to a 1:1 gear ratio right
angle turn using a custom made coupler. This coupler is simply held in place using
set screws, but was necessitated by limited space in the location. As can be seen
in Figure 4.25 the right angle turn is attached to a second aluminum plate using
two custom parts. The first part connects directly to the plate using and features a
channel through which the second part can be linearly moved via a drive screw. The
right angle turn is then fastened directly to the moving part. This way tension can
be added to the L-series timing belt simply by tightening this drive screw. Once the
appropriate level of tension has been implemented, the channel screws can then be
tightened to lock everything in place.
The angle gear is then connected to a standard L series pulley. Unfortunately, due
to space constraints it was necessary to modify the pulley to be installed backwards
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by hollowing out the center and adding a custom shaft extender. Without this custom
part, the belt would rub against the outside pipe t and become damaged during use.
From here the belt is then attached to the drive pipe via another modified standard
pulley. This second pulley was modified to increase its internal diameter to such that
it would fit over the PVC drive pipe, as well as added two pipe collars on either side
to allow it to be affixed to the pipe via custom clamps. A cross-sectional view of
this can be seen in Figure 4.23. It should be noted that the original design for this
drive pipe relied only upon the cam followers for support. However, the tolerances
within the pipe made it such that tension on the belt would cause the pipe to bend
enough to come into contact the the external pipe t. This caused excess wear on the
system and would frequently cause rotation to stop due to the contact. The options
to alleviate this were to either minimize belt tension which would allow for the belt
to occasionally skip, or implement the additional supports previously described to
prevent this deformation.
4.6 Flow Driving Fan
The second core requirement for this system, other than rotation, is that there be a
way to generate a flow through the pipe. This flow directly affects both Reynolds
number and rotation number ranges that the system is capable of. The first design to
do this was very similar to that of the pipe drive where a shaft driven by a motor would
be passed through a rotary seal. Except instead of driving a belt, it would instead
drive a fan. This system was prepared and tested, but unfortunately a number of
problems immediately arose. The first was the difficulty of acquiring an appropriately
sized fan that would have the minimum distance between the tip of its blades and the
inner diameter of the pipe to maximize its efficiency. The second was to get a motor
setup capable of a high enough rotation rate achieve the necessary flow velocities.
After the appropriate testing, it was revealed that this setup would not achieve the
required flow velocity for testing.
Instead attention was turned to electric ducted fans (EDF). These fans come
as a unit with their own housing so as to maximize their efficiency, and, as they
are frequently used to fly model planes and drones, are designed for use with high
rotational velocity electric motors. The model settled upon was the Changesun 12
blade 120mm ducted fan. This fan was within the limits of the pipe and has a
maximum rated rotation rate of 28000 RPM. To power the fan, an extra Rimfire
.80 motor was used as one was already present in the lab from past work. Through
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Figure 4.26: An exploded view of the fan housing assembly.
testing of this combination using a handheld anemometer and tachometer, it was
found that without any pressure drop to overcome, the fan could output around 14.5
meter per second air velocity when rotating at 7630 RPM. While this was below the
rated speed of the fan, it was enough for the current test applications. Additionally,
it leaves room for future faster experimentation by switching out the motor being
used.
The location for this fan to be housed within the system was a custom designed
pipe tee. This tee can be seen in Figure 4.26 and was made using two aluminum
plates with standard bolt bolt circles meant to fit the flanges being used welded to
the 6” external aluminum pipe. Then a small length of the 4” aluminum pipe use
for the refeed section was welded to the top of the 6” pipe as seen. This location
was originally designed to house the shaft-based fan design, but was re-purposed. To
keep the fan in place, the custom 3D printed part seen in Figure 4.27 was designed.
The base of this design features a smooth turn that allows for redirection of the flow
around the bend with minimal pressure losses. Through this bend is a hole meant
to pass the power cables for the motor through to where it can be connected to a
wire feedthrough. It also features three holes that allow for brass screw-to-expand
insert to be used to let the part connect via bolt to the shown aluminum plate. This
serves both to properly locate the part in the apparatus, but also to allows for easy
fan maintenance. The ducted fan itself features two fins with six mounting holes.
The base and clamp parts are designed to fit over these fins and be connected using
appropriately sized hardware. Finally, the base and clamp parts serve to prevent air
flow around the outside of the fan’s housing which would reduce its efficiency.
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Figure 4.27: The assembled fan housing, including EDF and motor.
Figure 4.28: The installed fan housing and
power cable feedthrough.
To power the fan, a 3-pin copper wire
feedthrough rated for 5 kV and 55 amps
housed in a ConFlat R© flange was pur-
chased from Solid Sealing Technology.
The required ConFlat R© flange appara-
tus was welded to a steel plate and can be
seen in Figure 4.28. However, after this
setup was established, a problem arose.
This type of motor is typically powered
using lithium polymer, LiPo, batteries
which are capable of high levels of cur-
rent draw. While the system could be
powered using LiPo batteries, this would
not be practical for longer experiments
as it would require the experiment to be
stopped each time the battery needed charged. To get around this problem it was
desired to power the fan motor using a DC power supply, but the potentially high cur-
rent draw requirements made sizing an appropriate power supply difficult. The motor
being used lists a constant wattage draw of 1.3 kW and a potential burst watt draw of
2.2 kW. To accommodate this draw, a custom built power supply was purchased from
Magna-Power. This 2.6 kW power supply is capable of outputting a range of 0-32V
and 0-81 Amps. This selection, along with a 60 Amp Hobbywing SkyWalker brand
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electronic speed controller (ESC) connected to a digital servo tester, allows for the
motor and fan to be powered for longer periods of time without requiring pauses for
battery recharging. Additionally, the power supply’s specifications allow for adequate
freedom to change the driving motor should it be deemed necessary in the future.
Experimentation using the system shows that the current setup is capable of a
streamwise velocity range of around 0.8 m/s to 8 m/s. These values both tend to
decrease when the system is pressurized as the fan is required to overcome higher
pressure differentials. This range in combination with the current maximum pipe
rotation velocity leads to a rotation number range from zero to four using the current
setup. However, there is freedom in the system to increase these values in the future
by changing the motors driving both the fan and the system’s rotation.
4.7 Flow Conditioning
Located directly after the fan apparatus and directly before the stationary test section
is the flow conditioning pictured in Figure 4.29. As the purpose of the system is to
analyze how turbulent flow transitions into laminar under rotation, there was no need
to design the conditioning to promote laminar flow. However, it was desired that the
turbulent flow being inputted into the stationary test section be free of any secondary
motion introduced by the bends, and that the turbulence be fully-developed by the
end of its 100D length. This desire can be hindered by large-scale eddies in the flow,
the type of eddy that easily occurs after a pipe bend in a flow. Thus, in order to break
up these large-scale eddies into smaller more uniform eddies, it is general practice to
include a flow straightener upstream of the flow. The most frequently used type of
straightener is a honeycomb structure due to their relative ease of production.
The most common way of characterizing a honeycomb structure is to look at its
porosity, βh, and the ratio of its length to cell diameter. Porosity is usually kept at
around 0.8 and the length to diameter ratio tends to range between 6 and 8 (Barlow












where th is the wall thickness and a is the length of one side of the normal hexagon.
As this honeycomb was designed to be 3D printed on the available Gigabot R© fused
filament deposition printers, the wall thickness was set to be th = 0.8 mm, or twice
the nozzle diameter of the printer. By assuming a porosity of 0.8, the appropriate
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Figure 4.29: Assembled flow conditioning component
length of one side of the hexagon could then be solved to be a = 0.1906” (0.4841 cm)
which was rounded to 0.2” (0.508 cm) for simplicity.
The second design parameter to tackle is the length to diameter ratio. As a






where Pw is the wetted perimeter (Bergman et al., 2007). For a hexagon the wetted
perimeter is simply 6a. Thus by utilizing the appropriate range for this value of 6
to 8, it can be found that the length should be between 2.08 and 2.77” (5.28 to 7.04
cm). For simplicity the honeycomb was made to have a length of 2.5” (6.35 cm).
The second attribute of the flow conditioning component is the presence of a
contraction to transition from the 6” pipe to the 3” pipe. Unfortunately, most con-
tractions within a wind tunnel are with the intent of increasing flow velocity rather
than necessity brought by design. However, the most important factor when design-
ing a contraction is to ensure that no flow separation occurs while passing through the
system (Tavoularis, 2005). Luckily, the main purpose of this is to ensure that it does
not influence the data which is not a concern in this application as the separation
will dissipate before reaching an analysis point. Thus this contraction was designed
to simply allow for a smooth transition and both the concave and convex radii were
made 2.11” (5.36 cm).
The other features of this flow conditioning component are a smooth curve to
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Figure 4.30: Cross sectional view of flow conditioning part without honeycomb.
direct the flow around the corner, similar to that found in the fan housing component,
and a channel to allow for the Tygon tubing used for flow analysis to be passed to the
measurement plate behind this component. Additionally, there are holes placed in the
back of the component that allow for two stand-off features to be connected. These
stand-off features connect to the measurement plate and ensure that the component
maintains proper orientation and spacing with respect to the incoming flow. It should
also be noted that a number of slits were included in the slope of the component.
These were included to ensure uniform pressurization between the internal pipe and
the external pipe during experimental setup and were found to not contribute to flow
during testing.
4.8 Sensors and Data Acquisition
The final component of the experimental apparatus’s design that needs to be discussed
are the different methods of data acquisition currently being used. At the current
moment, most data being acquired from the wind tunnel is in the form of pressure
differentials. These pressure differentials are taken at various lengths along the pipe
and can be directly utilized to calculate the friction factor across the test sections at
various Reynolds and rotation numbers. However, this is not the only type of data
being accumulated, and each data type requires its own method of acquisition. For
this pipe flow system, nearly all data and sensors are connected to or pass through one
of two plates. The one located upstream and shown in Figure 4.31, or the one located
downstream and shown in Figure 4.32. The following subsections will describe each
type of data being acquired and how it is measured.
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Figure 4.31: Plate seated upstream of all test sections through which data is acquired.
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Figure 4.32: Downstream measurement plate.
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4.8.1 Differential Pressures Across Test Sections
The simplest way to read a pressure at a certain location in a flow is to utilize pressure
taps. There are a variety of ways to create a pressure tap, but the way used for this
wind tunnel is by utilizing barbed tube fittings. One side of these fittings is threaded
while the other allows for Tygon tubing of the appropriate length to be connected.
A large concern when implementing a pressure tap is potential burrs on the inside
surface of the tap. To install the threaded hose fittings it is only required to tap deep
enough for the length of the thread. The rest of the hole can be made to be the same
size as the internal diameter of the tubing being used. In this way burrs are kept to
a minimum, and any that do occur can be easily cleaned off. An additional benefit
of this is that a smaller tap size increases the accuracy of the measurement.
In the tunnel apparatus there are three taps of this type. The first is placed
25D upstream of the rotating test section. The second tap is placed 5D upstream of
the rotating pipe, or 20D downstream of tap one. This tap is placed this distance to
minimize the influence of the immediate transition from the stationary to the rotating
test sections on the pressure measured. This tap can be used in combination with
the first to measure the friction factor across the stationary pipe. The third tap
is similarly placed 5D downstream of the rotating test section. The friction factor
across the rotating test section can then be measured by comparing the pressure at
the second and third taps which all together are separated by a distance of 132D
from each other.
A difficulty that arises with these measurements immediately is the need to run
Tygon tubing to the end-caps where the pressure transducers are kept. The tubing
used for taps one and two is simple as it can be run along the length of the stationary
test section. The problem lies in taking the measurements across the rotating test
section as tubing from tap three cannot be run along its length without running the
risk of it becoming tangled during use. To solve this problem the tubing is instead
passed to the downstream where it is connected to a length of high pressure hose.
This hose then runs the length of the tunnel externally until it reaches the upstream
plate and enters back into the system. In this way, both pressure differentials being
used to calculate friction factor can be measured from the same plate.
At the current time three different pressure transducers are being used to mea-
sure these two differentials. For the differential between tap one and tap two, the
stationary test section, a variable range transducer from Omega Engineering is be-
ing used. This transducer has a voltage output range of 0 to 5 volts and an input
range of 12 to 35 volts. For this differential it is set to a bi-directional output of
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range ±62.5 pa. The rotating test section, tap two to tap three, has shown to get up
to higher pressure differentials during testing. Thus it is connected to two different
transducers. The first is a second variable range transducer set to a ±125 pa range.
The second is the Honeywell 4515-DS5B002DP pressure transducer. This transducer
has an output range of 0.5 to 4.5 V, but an input range of 2.7 to 5.5V. Thus, in
order to run it off of the same power supply as the other two transducers, it is seated
on a board featuring a 5V power regulator as well as a 100nF capacitor to reduce
noise in its signal. This transducer measures a range of ±0.5 kPa and is utilized
in measurements after the pressure measurement from the variable range transducer
approaches its measurement limit. Current testing shows that the signals from the
two variable range pressure transducers, while accurate, is noisy. Therefore, there is
currently efforts in place to replace these with less noisy transducers.
All three of these signals are fed out through an 8 gauge copper wire, 1
8
” national
pipe thread (NPT) plug that can be seen in Figure 4.31. It should also be noted
that should more transducers be needed in the future, there is a second NPT port in
the plate to allow for a second feedthrough to be used. This signal is then received
by a National Instruments NI cDAQ-9172 data acquisition system (DAQ). This data
is then read and analyzed using a custom LabVIEW program. The details of this
program will be touched on more in Chapter 5.
4.8.2 Venturi Flow Meter
The second measurement of interest in the system is the streamwise bulk velocity. To
take this measurement, a Dwyer 0-10” H2O Venturi flowmeter is placed downstream
of the rotating test section. This device is designed to attach to a system utilizing
three” female national pipe thread (FNPT). In order to accomplish this, two adapters
were custom made out of PVC pipe and can be seen in Figure 4.33. These adapters
were then tightened as tight as possible into the Venturi flow meter. Plumber’s
putty was then applied to the inside to fill any remaining gap and ensure a smooth
transition. Originally it was planned to then attach the adapter to the preceding pipe
using PVC glue, but after running a test fit it was revealed that friction would be
adequate and would allow for any needed future maintenance.
To prevent the contraction in the flow meter from influencing the measurements
from pressure tap three it located at a distance of 2D downstream from the tap. In
addition, to prevent any influence on the Venturi flow meter’s measurements brought
about by the entry into the refeed section of the pipe, it is located at a distance of
7D upstream of this transition.
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Figure 4.33: Venturi Flow Meter and 3.5” outer diameter pipe to three” FNPT
adapters.
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To get the bulk velocity of the flow from the Venturi flow meter, it is necessary to
understand how the flow meter works. The Venturi flow meter features two pressure
taps. The first pressure tap is located in a region with the same cross-sectional area
as the pipe system being measured. The second tap is located at the smallest section
of a constriction. The ratio between the larger area and the smaller area is the area
ratio. For this flow meter, the larger region has a diameter of 3” (7.62 cm) and the
smaller area has a diameter of 1.74” (4.42 cm). This leads to an area ratio of 2.97 for
this particular flow meter.
By utilizing the extended Bernoulli equation, Equation 2.46, along with conser-






where A1 is the larger area, A2 is the area at the constriction and ∆p is the measured
pressure difference between the two areas. The standard form of the Venturi equation
tends to dismiss the kinetic energy coefficient assuming it to be approximately one
and a fully turbulent flow. However, assuming that rotation causes the flow to relam-
inarize, this value cannot be neglected and can be used to adjust the bulk velocity
measurement as necessary during laminarization.
As the flow meter induces a pressure change through contraction, the pressure dif-
ferential measurements are higher across its pressure taps than the others in the sys-
tem. As such a different set of transducers are used and can be used interchangeably
depending on the pressure range being analyzed. The smallest being used is another
Honeywell ±0.5 kPa transducer and can be used for the lowest velocity flows. The
next size up being used is the MPXV7002 ±2 kPa transducer from NXP Semicon-
ductors. Similar to the Honeywell transducer, this one utilizes a 0.5 to 4.5 V output
and a 5 V input. The final transducer in the system currently is the MPXV5004 0
to 3.92 kPa transducer also from NXP Semiconductors. All three transducers show
good agreement with each other during early testing. However, the pressure differ-
ential across the Venturi flow meter has shown no indication of surpassing the range
of the ±2 kPa transducer and the MPXV5004 may be replaced with a smaller range
transducer range in the future to increase accuracy at low velocities. In the same way
as the test section pressure transducers, these signals are measured using the Na-
tional Instruments data acquisition system and recorded using the same LabVIEW
program.
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4.8.3 System Pressure, Temperature, and Rotational Velocity
Also located on the upstream plate shown in Figure 4.31 is the pressure inlet that
allows the system to be pressurized. To produce this pressurization, shop air is passed
through a Kaeser TA 5 recycling air refrigerator and cooling system then through a
pressure regulator before entering the system. By passing through the air refrigerator
and dryer, it is ensured that any condensation in the shop air is removed before
entering the system. In addition it helps to combat excess heat inputted into the
system by the running of the rotating test section and fan. The regulator allows for
the system to be kept at a constant pressure despite any residual air leaks that may
still be present.
The ambient pressure in the system is analyzed using an Omega Engineering
compact pressure transmitter whose signal is read and displayed using an Omega En-
gineering Platinum Series digital panel meter. Similarly, the temperature is measured
using a compact RTD temperature sensor whose output is displayed using another
digital panel meter. At the current time the temperature and pressure values dis-
played are manually entered into LabVIEW, but these displays have USB output
capabilities should the need arise in the future.
The final measurement currently being taken in the system is the speed of the
motor. The gear ratio between the motor and the pipe is 1:1, so this value can be
directly converted into the wall velocity of the pipe. As mentioned previously, the
Groschop motor being used to drive rotation within the system is equipped with a
US Digital optical encoder. Thus in order to measure the speed of the system this
encoder is connected to US Digital provided software using a quadrature to USB
adapter. Using this connection it is possible to keep track of the motor’s speed in
real-time. The software also has the capability to save its measurements for analysis,
but for the experiment outlined in Chapter 5, this was deemed unnecessary.
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Chapter 5
Experiment on the Effect of Rotation and
Reynolds Numbers on Friction Factor
At the current time, setup has not been completed to allow for a full-scale PIV type
experiment to be done on the apparatus. However, the tunnel is functioning to the
point that it is possible to adjust and measure streamwise bulk velocity, wall veloc-
ity, and pressure differentials across the stationary and rotating test section in both
a pressurized and non-pressurized state. As such, an experiment was performed to
analyze how the friction factor, and by extension wall shear stress, would be affected
by differences in both Reynolds number and rotation number. Based upon the exper-
iments mentioned in Chapter 3, it is expected that increasing rotation numbers will
lead to a decrease in friction factor independent of Reynolds number.
When determining how to utilize the constructed facility to perform this exper-
iment, many different hindrances had to be taken into consideration. This first was
that of the pressure transducers. As detailed in Sections 4.8.1 and 4.8.2, there are
a total of six differential pressure transducers currently implemented in the facility
from which data can be drawn. Unfortunately, the current DAQ setup is only capable
of taking four input signals at one time. This meant that for each set of data, the
four most appropriate transducers must be selected.
The second parameter to be considered is the motor that drives the rotation in the
system. While the encoder attached to the motor allows for accurate measurement of
the motor’s speed during testing, setting the motors speed is done using a Groschop
analog speed controller. This speed controller is capable of controlling small changes
in the motor’s rotational velocity, but must be manually adjusted. Due to the distance
of this speed controller from the data acquisition station, speed adjustments during a
test, while possible to a small extent, are impractical. This impracticality is increased
by the fact that at high rotation rates the motor begins to give off large amounts of
heat. This heat has the potential to damage the rotary seal as it is not rated for
high temperatures and also gradually causes the motor to lose efficiency and speed.
The speed controller can be adjusted as needed to accommodate for the change in
velocity, but this heat generation leads to a desire to perform tests at high rotational
velocities quickly. Thus it is more practical to set the motor to maintain a constant
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velocity during each test.
The third concern when designing the experiment is control of the streamwise
velocity. As mentioned in Section 4.26, the flow is driven by a Rimfire .80 electric
motor attached to an EDF assembly. This fan is powered externally using a high
wattage DC power supply whose output passes through a 60 Amp ESC controlled
by a digital servo tester. During tests this fan could be powered by a voltage setting
of 24 V on the power supply and speed could be increased using the servo tester.
Unfortunately, this setup does not leave room for an encoder so there is no way too
monitor the fan’s rotation rate during testing. Thus, the internal velocity can only
be determined by the output of the Venturi flow meter’s pressure transducers. The
way found to provide detailed adjustment to the fan’s speed was by analyzing its
amperage draw from the DC power supply. The fan was found to be able to provide
a fairly consistent range of air velocities, approximately 0.9 m/s to 7.9 m/s, regardless
of pressure state. Despite this, higher density in the system increased pressure losses
for the fan to overcome, a problem compounded upon by rotation influencing these
losses, and an accurate relationship between power draw and velocity has not yet been
found. Regardless of these issues, the amperage draw can be accurately controlled
using the servo tester which allows it to be used as a metric to ensure a similar range
of velocities are tested for each data set.
For this test it was determined that a maximum rotation number of three was
desired, and that measurements would be conducted at 0 psi gauge pressure and 40
psi gauge pressure. The assumption was made that the lab had an ambient pressure of
1 atm, or 14.7 psi. As the minimum streamwise velocity experienced in the tunnel was
around 1 m/s, a rotation number of 3 would correspond to a wall velocity of 3 m/s.
With a pipe wall diameter of 3” (7.62 cm), a motor speed of 800 RPM corresponds
to a wall velocity 3.19 m/s so this was selected as the maximum motor speed for the
experiment. Early testing revealed that the effects of rotation began to lessen at a
rotation number of one, so the smallest step size between amperages was used for a
bulk velocity range of 1 m/s to 3 m/s. From preliminary testing, it was found that
the bulk velocity reached 3 m/s at around 2 amps when the system was at gauge
pressure psi and 3 amps at gauge pressure 40 psi.
Using this information, 14 different data sets were recorded. Seven sets were
taken at 0 gauge psi and seven at 40 gauge psi. At each pressure setting, the data
sets were taken at rotation rates of 0, 125, 250, 375, 500, 630, and 800 RPM. These
were selected as the speed could be maintained with an accuracy of ±10 RPM at each
setting and they correspond to wall velocities of approximately 0 to 3 m/s in 0.5 m/s
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steps. For 0 psi gauge pressure, velocity was controlled by taking data in the range
of 0 to 2 Amps in 0.2 Amp step sizes, in the range of 2 to 4 Amps in 0.5 Amp step
sizes, and the range 4 to 12 Amps in 1 Amp steps. For 40 psi gauge pressure tests,
measurements were taken in the range of 0 to 3 Amps at a 0.2 Amp step size, in the
range of 3 to 6 Amps at a 0.5 Amp step size, in the range of 6 to 10 Amps at a 1
Amp step size, and in the range 10 to 28 Amps at a 2 Amp step size.
The transducers used for each of these measurements were also determined based
upon preliminary tests. The part numbers and details of these transducers are detailed
in Sections 4.8.1 and 4.8.2, to this section will refer to them based upon their pressure
measurement ranges only.
At the time of this experiment, the ±62.5 Pa transducer is the only one in place
to measure the pressure loss across the stationary test section so it was used for both
experiments. This range was adequate for all experiments, but as the variable range
transducers experience high noise levels in their data, their measured output begins
to skew low at higher Reynolds numbers. For the 0 psi gauge pressure tests, the
rotating test section’s pressure differential was measured using both the ±125 Pa and
±0.5 kPa transducers. Due to the high noise of the ±125 Pa transducer, it was only
assumed accurate for pressure readings of up to 62.5 Pa. Past this value the friction
factor across the rotating test section was calculated using the values produced from
the ±0.5 kPa transducer. The pressure differential across the Venturi flow meter used
to measure bulk velocity was found to not to exceed 325 Pa during the 0 psi gauge
pressure experiments. Thus this differential was measured using only the ±0.5 kPa
transducer.
For the 40 psi gauge pressure tests it was found that across the rotating test
section, the ±125 Pa transducer’s signal would reach its maximum value at very low
speeds. So for this set of tests only the ±0.5 kPa transducer was used to measure the
rotating test section. Additionally, at higher speeds the ±0.5 kPa transducer used
to measure the differential across the Venturi flow meter would reach a maximum.
Thus the Venturi meter pressure differential was measured using a combination of the
±0.5 kPa transducer and the ±2 kPa transducer. For pressures below 250 Pa, only
the ±0.5 kPa transducer’s readings were used, for readings over 400 Pa, only the ±2
kPa transducer was used, and for the range of 250 Pa to 400 Pa the averaged value
of both transducers was used.
For data collection, a custom LabVIEW program was employed. To start each
test, the voltage reading for zero pressure difference would be measured for each
transducer and stored. Then, at each experimental setup the program was set to take
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15000 voltage samples at a sample rate of 1000 samples per second for each input
transducer. This full data set would then be averaged, have the originally recorded
zero value subtracted, then be multiplied by the Pa/V conversion specific to each
transducer to produce the pressure differentials of that test. These pressure differen-
tials are then recorded for each data set to be analyzed separately. Additionally, this
program is setup to where the user inputs both the temperature and gauge pressure
of the system from which it utilizes the ideal gas law and the Sutherland equation,
detailed in Appendix 7.2.2, to calculate the density and viscosity of the air in the
system which are also recorded too a conditions file for analysis. This data was then




Analysis of the data was done to visualize how the achieved parameter range compares
with past experiments and to gain insight into potential Reynolds number overlap
between the two data sets. This data has already been displayed to an extent in
Figure 3.1, but Figure 6.1 shows the individual data points in each set.
The next step was to look at the friction factor of the stationary test section. As
this is a smooth length of pipe, if bulk velocity is being properly measured through
the Venturi meter, the data points achieved should show good agreement with the
relationship predicted by the Colebrook equation, equation 2.43, for a smooth pipe.
Additionally, as the pressure taps used to measure this are entirely upstream, this
plot should be independent of the rotating section’s rotation number. As can be
seen in Figure 6.2, the data has good agreement with the Colebrook equation for a
smooth pipe except for when the velocity is very small or when the Reynolds number
is very high. The inaccuracies at low velocities are to be expected as the current setup
utilizes a ±0.5 kPa transducer as the highest resolution. This will be fixed in future
experiments through implementation of higher-resolution transducers. The downward
trend at higher Reynolds numbers was also predicted to occur and is due to the high
levels of noise present in this transducer’s signal. At these higher Reynolds numbers,
increasing quantities of the signal are lost due to exceeding the five-volt limit of both
the transducer and the DAQ system which causes the calculated mean to average
lower than the true value. This is also planned to be fixed for future experiments
by replacing the transducer with one that produces lower levels of noise in its signal.
Despite these issues, as expected there are no interactions between this data and
rotation in the rotating test section. Additionally, this was deemed to adequately
support the accuracy of the velocity measurements produced from the Venturi flow
meter.
The next step in the analysis was to look at the friction factors across the rotating
section. The resulting graph can be seen in Figure 6.3. As predicted, the effects of
rotation become immediately apparent. Rotation rate was kept constant during each
data set as velocity was increased. Thus, when following the points produced by
each data set, an increase in Reynolds number directly corresponds to a decrease
in rotation number. It is clear from the way in which increasing rotation numbers
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Figure 6.1: Re and N values of all experimental data points.
Figure 6.2: Friction factor as a function of Reynolds number across the stationary
test section.
66
Figure 6.3: Friction factor as a function of Reynolds number across the rotating test
section.
directly correlate to reduced friction factors that rotation is causing reduction in
wall shear stress within the system, a phenomena consistent with relaminarization.
However, it must be noted that the current acquisition method encompasses the full
rotating test section. This flow is developing through this test section which means
that with the current type of data the friction factor will never fully reach the laminar
case even if it has relaminarized within the section. Thus it is impossible to conclude
whether the flow has relaminarized until PIV data can be acquired. The other oddity
shown within the data is that even the non-rotating test cases do not line up with the
Colebrook smooth pipe curve. In fact, it seems to line up with the curve predicted by
a much higher surface roughness than is present within the system. At the current
time the exact cause of this discrepancy is unclear, but it is theorized to be due to
the lack of rotary seal on the upstream rotary coupler. Without the seal there may
be flow occurring between the external pipe and the internal pipe causing an artificial
increase in pressure.
Regardless of what this issue may be, the difference is consistent throughout the
data, and is factored out when analyzing how the rotation number is related to change
in friction factor. In order to find this out, the friction factor to Reynolds number
relation of the cases with zero rotation were interpolated out to allow for the change
in friction factor due to rotation number to be found. While the data is not refined,
Figure 6.4 shows that reduction in friction factor collapses onto a single curve with
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Figure 6.4: Change in friction factor as a function of rotation number
regards to rotation number. This indicates that friction factor reduction is a function
of only rotation number and does not depend on Reynolds number.
To further test this, contour plots showing the relationship between the Reynolds
number, rotation number, and reduction in friction factor were extrapolated from
the data and can be seen in figures 6.5 and 6.6. The first thing to note is the large
amount of noise centered at a Re ≈ 1.6 × 104. This Reynolds corresponds to the
overlap between the non-pressurized and pressurized data sets and is likely due to the
uncertainties currently experienced by the system at low velocities. Unfortunately,
lower velocities correspond to higher rotation numbers. Regardless of this, the graphs
both reinforce the assertion that rotation number affects friction factor reduction
independent of the Reynolds number. It should also be noted that this data displays
a reduction in friction factor half that of what was found by Imao et al. (1996).
This discrepancy is due to the fact that the current measurements encompass the full
length of the rotating test section, whereas their measurements looked only at the
fully developed region.
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Figure 6.5: Contour plot featuring Reynolds number as the x-axis and reduction in
friction factor as the y-axis.
Figure 6.6: Contour plot featuring Reynolds number as the x-axis and rotation num-
ber as the y-axis.
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Chapter 7
Conclusions and Future Work
This document has detailed the design and creation of a new custom pipe flow fa-
cility meant to measure the effects of rotation on turbulent pipe flow at parameter
ranges outside the range of current research. Additionally, it documented the first full
experiment performed using the facility. This section will document the conclusions
for that experiment, as well as suggesting future refinements to the apparatus and
experiments.
7.1 Conclusions
The primary conclusion that can be drawn from the data is that the addition of rota-
tion directly leads to the reduction of wall shear stress within a turbulent pipe flow.
Additionally, the experiment described in Chapter 5 indicates that this reduction
in friction factor is purely dependent on the rotation of the system. Unfortunately,
due this experiment analyzing across the full length of the rotating test section and
encompasses a developing flow with an unknown length of development, the exact re-
lationship between rotation number and reduction in friction cannot be determined.
However, one of the major goals of this thesis is to document the design and
design process of a new rotating pipe flow facility. While the facility requires more
refinement as will be detailed in the next section, preliminary measurements indicate
the facility is functional and will allow for future experiments to provide new insight
into the complicated subject of rotating pipe flow.
7.2 Future Work
There are two areas with regards to this document where future work is required.
The first is on modifications and improvements that can be made to the facility, and
the second is for future experimentation.
7.2.1 Facility Improvements
The first area where improvements can be made to the facility is in the structure
of the external pipe. The largest issue faced in this portion of the tunnel lies in air
70
leaks. While most were able to be patched using the mentioned polymer sealant and
re-welding, one of the PIV windows is still experiencing a slow leak. This leak can
be accounted for using the regulator system on the pressure input, but in the long
term this leak should be addressed. Additionally, when the system is pressurized the
PIV windows have exhibited bowing that has led to weld failures in the past. While
currently held in check using the clamp and c-channel combination discussed, these
areas are still experiencing a fatigue stress and may experience failure after repeated
use or higher pressures. While there are many ways to address this, the best solution
is likely to replace these windowed sections of pipe with something made of higher
strength.
The second area of potential improvement lies in the internal pipe. The current
design for the rotating section utilizes aluminum pipe for half of its length. While
this has proven to drastically reduce vibrations in the system, it causes at least two
of the view ports to be unusable without disassembling the system and swapping
sections. Ideally, future work will be invested into testing of new potential lengths of
transparent pipe that can be used in the rotating section to allow for all view ports to
be readily available without increasing the system’s level of vibration. Additionally,
it is thought that some of the odd behaviour in the rotating test section data can
be related to the lack of rotary seal in the upstream rotary coupler. While there is
a chance that its inclusion will reduce the rotation rate the current motor is capable
of producing, this seal needs to be installed to determine if it is the cause of the
discrepancies between the data and the Colebrook equation.
Next, the motor being used to drive the pipe needs to be reassessed. While
operating as intended, the heat production at high rotation rates is a concern as
it could lead to rotary seal failure. Additionally, while the speed can be set and
monitored, there is currently no way to adjust the speed of the motor from the
location where the DAQ system is set up. This limits the types of experiments that
can be easily done, but may be solved by extending the wires used on the speed
controller to allow it to be placed in the same area as the DC power supply being
used for the fan assembly.
The fan assembly is currently working as intended. However, the EDF being used
is rated for much higher rotation rates than are currently being produced. Thus, a
new fan should be acquired that can produce faster rotation, and by extension air
velocity, for experimentation at higher Reynolds numbers. Additionally, the current
fan is incapable of producing wind speeds slower than around 0.8 m/s. A fan capable
of operating at slower speeds could increase the rotation number the system is capable
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of without requiring faster wall velocities in the rotating test section.
The final improvement that needs to be made to the components already in place
is with the sensors being used. As mentioned, the ±62.5 Pa and ±125 Pa transducers
currently in use in the system are the same model of select-able range transducers.
At the current time it is unclear why they are producing such high amplitude noise
in their signals, but the decision has been made to replace them with fixed range
transducers that have not exhibited the same level of noise. Next, at experimental
parameters currently being investigated, the maximum pressure differential through
the Venturi flow meter is around 1 kPa which can be accurately measured using the
±2 kPa transducer. Thus, the 3.92 kPa transducer is redundant and is planned to
be replaced by a ±250 Pa transducer to allow for more accurate measurements to
be made at low flow velocity. Also being planned is for a change to be made to the
DAQ system that will allow for up to 24 signals to be read simultaneously so that
there is no need to select only four of the available transducers for each test. This will
also allow for new transducers to be easily integrated as needed for higher pressure
differentials in future experimentation.
Lastly, there are three systems that have yet to be designed and implemented and
are integral for future tests. The first is a pressure relieve valve. The current system
is drained of pressure through the same connection that it is filled. Not only is this
design slow for draining the pipe, but it also is a safety concern as there is no way to
rapidly decompress the system in an emergency situation. The second is a method
for flow seeding. PIV measurements require trackable seeding in the working fluid
in order to take measurements. At the current time the method for implementing
this into the pressurized system has not been established. The final is a calibration
plate that can be placed inside test section pipe and used to calibrate the cameras
being used in PIV. There are currently designs being discussed, but nothing has been
finalized.
7.2.2 Future Experimentation
The first experiment that should be conducted in the future is to expand on the one
done in Chapter 5. Specifically, the tests should be redone once the new transducers
and the upstream rotary seal have been installed. Additionally, another set data
points should be taken at a gauge pressure of around 20 psi to try and better capture
the friction factor reduction that takes place around Re = 1.6× 104. This additional
data should serve to smooth out the transition between the two sets of data and
allow for a more accurate and detailed analysis to be completed for the relationship
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between friction factor reduction and rotation number.
Next, PIV measurements should be taken to try and gain better insight into how
the flow develops. These experiments could potentially find a relationship between
the length needed for the flow to become fully developed and the rotation number
the system is undergoing. If so, then more experiments like the one described in this
paper could be completed that work to isolate the friction factors in specific regions
of the developing flow.
Finally, experiments of these types can focus on trying to expand the range of the
parameters being examined. This partly plays into the last section as these future
tests will likely require updates be made to the facility. With these experiments and
refinement of the facility, it should become possible to gain a greater understanding




Appendix A: Behaviour of Gasses in Pressurized
Applications
The wind pipe flow apparatus detailed in this document is meant to allow for pres-
surization in order to increase Reynolds number range without needlessly increasing
size or velocity. As shown in Equation 2.14, assuming all other variables are held
constant, the Reynolds number can be increased by increasing the density, diameter,
or bulk velocity, or by decreasing the viscosity. In order to maintain the required
pipe tests lengths without exceeding available lab lengths, the diameter cannot be
adjusted. While the velocity can be used as a way to increase the Reynolds number
as well, this limits the ability to increase the rotation number. This leads to a need
to adjust either the density or the viscosity.
The ideal gas law is commonly written using specific volume, but for convenience
it can be written as
P = ρRT (1)
where P is the pressure, T is the temperature, and R is the scaling constant unique
to the working gas (Çengel and Boles, 2015). However, the ideal gas law relies upon
the assumption that the gas expands to fill its enclosure and its molecules undergo
minimal collisions. These assumptions hold true for gasses such as air under low
pressures and higher temperatures, or low density. As the purpose of pressure is to
increase the density of the system, it is necessary to analyze the viability of the ideal
gas law compared to other gas analysis methods.
This leads into the concept of real-gas relations. There are a number of different
equations and theories that relate temperature, pressure, velocity, and density within
the system however, each comes with their own assumptions or requirements. Some of
the more common theories are the virial equation of state, the Van der Waals equation
of state, the Berthelot equation, and the Dieterici equation. However, the virial
equation of state assumes low pressures and the other variations require the continual
adjustment of correction factors based upon experimentation. More information on
these can be found in Thermodynamics by Kenneth Wark, but the real gas relation
that is simplest to use in this application takes the form
P = ρZRT (2)
where Z is the compressibility factor (Wark, 1977). Experimentation has shown that
this compressibility factor is approximately the same for all gasses at the same reduced
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temperature, Tr and reduced pressure, Pr. These reduced values are found by dividing
the operating temperature and pressure by the working gas’s critical temperature, Tc








The critical state is the point on state diagram beyond which a gas cannot be formed
into a liquid or vapor. This state has been experimentally found to be 132.5 Kelvin
and 3.77 MPa (Çengel and Boles, 2015).
At room temperature and pressure it can be assumed that the ideal gas law
is adequate, but for the higher system pressure, this may not necessarily be the
case. The assumption can be made that the system will be allowed to equalize
with the environment after pressurization. This temperature varies by a few degrees
during experimentation, but this is minimal. At a room temperature of 294.15 K
and the maximum planned pressure of 100 psi, Tr = 2.22 and Pr = 0.183. Using
the experimental compressibility chart, this would correspond to a compressibility
factor of approximately Z = 0.99. Based on these calculations it was determined
that density within the wind tunnel can accurately be predicted using the ideal gas
law.
The second term that could potentially affect the Reynolds number of the system
is the viscosity µ. Thus, it is important to know how to accurately predict this value
within the system based upon the pressure and temperature measurements available.
One of the most common methods used to predict viscosity is the Sutherland Equa-









2 T0 + S
T + S
(4)
where µ0 and T0 are reference values and S is an experimentally derived constant.
For air these values are T0 = 273 K, µ0 = 1.716 ∗ 10−5 Nsm2 , and S = 111 K (White,
1991). It should be noted that based upon this equation, fluid is only a function of
temperature. Additionally, the assumption of idealized intermolecular forces begins
to break down as density increases implying that the viscosity for real gases should
depend upon density as well.
In fact, at elevated pressures experimentation has found that the viscosity tends
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be predicted by density in the form of the second order polynomial
µ(ρ) = E0 + E1ρ+ E2ρ
2 (5)
where E0, E1, and E2 are constants derived from experimental data. In his thesis
titled “Mean-Flow Scaling of Turbulent Pipe Flow,” Mark V. Zagarola compiled data
from a number of different sources and determined that for a temperature range of




, the values of E0 = −5.516 ∗
10−8, E1 = 1.100 ∗ 10−8, and E2 = 5.565 ∗ 10−11 allowed the viscosities measured in
experiments to be predicted within ±4% (Zagarola, 1996).
When comparing this derived equation based on density to the viscosity predicted
by the Sutherland equation, both returned extremely similar values for the tempera-
ture and pressure ranges being utilized. Specifically, for a temperature of 70◦ F and
a working pressure of 75 psi, the Sutherland equation gives µ = 1.81957 ∗ 10−5 kg
m3
and Zagarola’s equation gives µ = 1.82015 ∗ 10−5 kg
m3
. This was deemed a negligible
difference, so for the experiments outlined in this paper, the more commonly utilized
Sutherland equation is used to calculate viscosity.
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Appendix B: Pressurized Pipe Flow Apparatus Bill of
Materials
The following table shows the Bill of Materials for the pipe flow apparatus. All prices
are based upon vendor listed prices at time of purchase or time of documentation for
parts already owned before construction.
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Part Number Part Name Quantity Vendor Price/Part Total Price Date
1515 1.5"x1.5" T-Slotted Profile 1116 80/20 Inc. 0.53 591.48
4280 15 Series 3 Hole - Slotted Inside Corner Bracket 25 80/20 Inc. 5 125.00
4301 15 Series 4 Hole Tall Inside Corner Bracket 25 80/20 Inc. 4.3 107.50
6860 10 Series Single Short UniBearing 4 80/20 Inc. 14.70 58.80 4/25/2019
2811700001 Airnet Compressed Air Pipe - 80mm - 3" (18.7 ft.) 1 AIRnet 192.10 192.10 9/10/2019
650100125 Flange Gasket D158 - 6" 2 Aluminum Air Pipe 40.40 80.80 4/26/2018
2810800300 ELBOW 90 D100 2 Aluminum Air Pipe 110.68 221.36 8/2/2018
2810800500 EQUAL TEE D100 1 Aluminum Air Pipe 121.09 121.09 8/2/2018
2810825400 4' FLANGE (ANSI) 1 Aluminum Air Pipe 153.68 153.68 3/4/2019
2810880200 4" (100mm) Equal Union 11 Aluminum Air Pipe 107.67 1184.37 8/2/2018
2810900200 EQUAL UNION D158 18 Aluminum Air Pipe 127.56 2296.08 5/25/2018
2810900500 EQ TEE D158 1 Aluminum Air Pipe 226.94 226.94 5/25/2018
2810915400 6" FLANGE (ANSI) 15 Aluminum Air Pipe 160.79 2411.85 5/25/2018
2810982100 REDUCING SOCKET D158 X D100 2 Aluminum Air Pipe 201.21 402.42 3/4/2019
2811022980
Pipe & Fitting Depth Gauge Marker - PF Series 
included (3/4"- 6") - FOC 1 Aluminum Air Pipe 0.00 0.00 5/25/2018
2811800000 PIPE D100 L=5.7M 4 INCH 4 Aluminum Air Pipe 193.70 774.80 8/2/2018
2811900001 PIPE D158 (6") L=18' 8" 4 Aluminum Air Pipe 443.03 1772.12 5/25/2018
Sumner ST-881 Hi Fold-A-Jacks with V-Head 2 Amazon 74.99 149.98 7/11/19
309 Hex Bolts, Zinc Plated, 3/4"-10 x 4.5" (20) 4 BoltDepot.com 29.09 116.36 10/15/18
2654 Hex nuts, Zinc plated steel, 3/4"-10. Bag(20) 4 BoltDepot.com 4.82 19.28 10/15/18
2952 Flat washers, Stainless steel 18-8, 3/4". Bag(100) 1 BoltDepot.com 42.55 42.55 10/15/18
T040 20ft 3(3/8)" Outer 3" Inner Extruded Butyrate Tube 1 BUSADA 237.00 237.00 5/28/19
4515-DS5B002-DP 0.5 kPa Differential Pressure Transducer 2 DigiKey 39.31 78.62
MPXV5004-DP 3.92 kPa Differential Pressure Transducer 1 DigiKey 20.87 20.87
MPXV7002-DP 2 kPa Differential Pressure Transducer 1 DigiKey 20.87 20.87
2000-10VF4 Venturi Flow Meter, with Magnihelc Gage 1 Dwyer Instuments Inc. 1512.00 1512.00
ACRCAT3.250ODX.125 Cast Acrylics 3.25"OD x 0.125" wall (6ft piece) 2 eplastics 40.80 81.60 5/28/19
IPS1802-PT IPS 1802 pint, solvent cement 1 eplastics 20.82 20.82 3/5/19
15CB4005 3 Hole Slotted Inside Corner Bracket 24 Faztek 3.53 84.72 4/25/2019
15CB4804 4 Hole Inside Corner Bracket 22 Faztek 3.60 79.20 4/25/2019
15JP4501 2 Hole Joining Strip 10 Faztek 2.52 25.20 5/14/2019
CL40NSF030 CLEAR Sch 40 NSF 3 inch PVC pipe 1 FLEXpvc 27.50 27.50 9/12/2018
19F635
V-Head pipe Stand, Pipe Capacity 24 in. Overall 
Height 28-49 in. 2 Grainger 103.50 207.00 12/10/2020
497Y85 USA Sealing Nylon Plastic Ball Stock, 1" dia., PK5 1 Grainger 7.15 7.15 9/5/19
6117  Motor - 10080NV - 6117  with encoder 1 Groschopp 379.00 379.00 3/5/19
750-10-0005 controller 1 Groschopp 141.94 141.94 3/5/19
25 ft power cord 1 Groschopp 50.00 50.00 1/22/19
1988 3/8 x 6 6061-T6 Aluminum, Length 144 1 Harbor Steel 142.25 142.25 6/6/2018
8613 3/8 x 8 6061-T6 Aluminum, Length 144 1 Harbor Steel 198.50 198.50 6/6/2018
ST-16-83
Worm Drive Super (High) Torque Hose Clamp - 
304SS - 3.24"-4.13" 20 HCL 1.75 35.00 3/8/19
30216100 Skywalker EST (60A UBEC) 1 Hobbywing 27.49 27.49 1/4/2021
807260 Everbilt 3/4 in. Zinc Flat Washer (25-Pack) 2 Home Depot 9.90 19.80 8/29/19
SILICONE 2 Home Depot 6.57 13.14 5/10/19
GPMG4740 Rimfire .80 Outrunner Brushless Motor 1 Horizon Hobby 112.99 112.99
EDF Housing with 120mm EDF, 12 blade, 53P-
20001 1 ibuyrc 39.95 39.95 10/1/19
CB1000-5.33 O-ring cord 100 Macro Rubber 0.50 50.00 2/19/19
SL32-81
SL Series Programmable DC Power Supply, 0-
32Vdc, 0-81 Adc, 2.6 kW 1 Magna-Power 3055.00 3055.00 1/12/2021
9176T19 PolyCarbonate Tube 3.25"  2 ft length 1 McMaster Carr 22.95 22.95 10/1/2018
1304N31 L Series Corrosion-Resistant Timing Belt Pulley 1 McMaster Carr 59.29 59.29 9/17/2018
1432N32
Low-Pressure Threaded Pipe Fitting with Sealant 
304 Stainless Steel Plug 1/4 NPT 2 McMaster Carr 4.00 8.00 11/17/2020
1432N34
Low-Pressure Threaded pipe Fitting with Sealant 
304 Stainless Steel Plug 1/2 NPT 3 McMaster Carr 6.64 19.92 11/17/2020
1460T15 Track roller 12 McMaster Carr 21.06 252.72 9/11/2018
2122N11
High-Speed Rotary Shaft Seal for 3/4" Shaft 
Diameter 1 McMaster Carr 32.97 32.97 1/22/2021
2122N32
High-Speed Rotary Shaft Seal for 3-1/4" Shaft 
Diameter 2 McMaster Carr 37.58 75.16 7/3/2019
2531K127 Bolt-Down Swivel Leveling Mount 18 McMaster Carr 7.92 142.58 10/30/18
3190K811 Isopropyl Alcohol-99% 1 McMaster Carr 16.74 16.74 1/23/2020
4629K42
Brass On/Off Valve with Lockable Lever Handle 3/8 
NPT Female x 3/8 NPT Male 1 McMaster Carr 14.27 14.27 6/18/2020
48855K27
Thick-Wall Unthreaded PVC Pipe for Water. 5 ft. 
long, 3 Pipe Size 1 McMaster Carr 33.52 33.52 8/13/19
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50785K273
High-Pressure Brass Pipe Fitting. Through-Wall 
Straight Connector 1/4 NPT Female 2 McMaster Carr 8.23 16.46 10/22/2020
5117K83
Plastic Barbed Tube Fitting for Air and Water Easy-
View for 1/8" Tube x 10-32 UNF Male (Pack of 10) 1 McMaster Carr 4.96 4.96 6/18/2020
5133A18
C-Clamp Sliding T-Handle, 0"-6" Opening, 3-1/4" 
Reach 5 McMaster Carr 19.85 99.25 11/12/2020
5227T262
Tight-Tolerance 12L14 Carbon Steel Rod. Ultra-
Machinable, 1/2" Diameter 3 ft. 1 McMaster Carr 12.65 12.65 6/14/2019
5227T282
Tight-Tolerance 12L14 Carbon Steel Rod Ultra-
Machinable 3/4"Diameter (1 ft) 1 McMaster Carr 10.91 10.91 1/22/2021
52785K811
High-Pressure Air Hose 1/4 x 1/4 Steel NPT Male, 
1/4" ID, 5/8" OD (75 ft) 1 McMaster Carr 231.47 231.47 6/18/2020
5350K49
Zinc-Plated Steel Barbed Hose Fitting fr Air and 
Water, Adapter for 1/8" Hose ID, 1/4 NPT Male 2 McMaster Carr 10.50 21.00 6/18/2020
5415K41
Worm-Drive Clamps for Firm Hose and Tube, Steel 
Screw, 1/2" Wide, 3-1/16" to 4" Clamp (Pack of 10) 1 McMaster Carr 11.39 11.39 2/10/2020
5463K2
Plastic Barbed Tube Fitting for Air and Water Tight-
Seal, for 1/16" Tube ID x 10-32 UNF Male (Pack of 
10) 1 McMaster Carr 3.69 3.69 3/3/2020
5463K53
Plastic Barbed Tube Fitting for Air and Water Tight-
Seal, for 1/8" Tube ID x 10-32 Thread Male (Pack of 
10) 1 McMaster Carr 3.93 3.93 3/3/2020
5463K62
Plastic Barbed Tube Fitting for Air and Water. Tight-
Seal, Reducer, for 3/16" x 1/8" ID (Pack of 10) 1 McMaster Carr 8.95 8.95 2/8/2021
5533T12 First Aid Kit 1 McMaster Carr 36.72 36.72 9/28/2020
5972K305
Ball Bearing, Shieded, Trade No. 6017-2Z, for 
85mm Shaft Diameter 8 McMaster Carr 177.96 1423.68 2/10/2020
60635K9
High-Angular-Misalignment Flexible Shaft Coupling, 
3/8" shaft 1 McMaster Carr 41.97 41.97 10/30/18
60635K9
High-Angular-Misalignment Flexible Shaft Coupling, 
3/4" shaft 1 McMaster Carr 41.97 41.97 10/30/18
60635K99 Shaft Coupling Acetal Disc 1 McMaster Carr 31.78 31.78 10/30/18
60665K24 Clamping Two-Piece Shaft Collar 1 McMaster Carr 68.64 68.64 9/17/2018
63485T94 Cloth Shop Towels 14" Long x 17" wide pack of 12 1 McMaster Carr 9.65 9.65 12/11/2019
6408K73
14000 rpm Buna-N Rubber Spider for 1-23/64" OD 
Flexible Shaft Coupling Iron Hub 1 McMaster Carr 3.72 3.72 1/22/2021
6456K11 Right-Angle Gear Box 1 McMaster Carr 184.13 184.13 1/22/19
6484K374 L Series Timing Belt 1 McMaster Carr 29.17 29.17 9/18/2018
6494K42 Mounted Ball Bearing, 2 Bolt Flange, Shaft Dia 3/4" 1 McMaster Carr 34.74 34.74
6495K42 Timing Belt Pulley 1 McMaster Carr 93.48 93.48 9/17/2018
6516T17
Tygon PVC Solft Plastic Tubing for Air and Water, 
3/16" ID (25 ft) 1 McMaster Carr 13.50 13.50 2/8/2021
6516T43
Tygon PVC Soft Plastic Tubing for Air and Water. 
Clear, 1/8" ID, 3/16" OD (50 ft) 1 McMaster Carr 19.00 19.00 1/29/2021
6516T62
Tygon PVC Soft Plastic Tubing for Air and Water 
Clear, 1/16" ID, 3/16" OD 50 ft. length 1 McMaster Carr 33.50 33.50 3/3/2020
6534K17
Industrial Quick-Disconnect Hose Coupling for Air 
Size 1/4, Brass Socket, 3/8 NPTF Male End 1 McMaster Carr 8.03 8.03 6/18/2020
6534K46
Industrial Quick-Disconnect Hose Coupling for Air 
Size 1/4 NPTF Male 1 McMaster Carr 1.18 1.18 10/7/2020
6620K12
Easy-to-Machine Multipurpose 304 Stainless Steel 
Sheet 12"x12", 1/4" Thick 1 McMaster Carr 103.03 103.03 12/11/2019
6656K14
Ultra-Thin Ball Bearing for 3-1/2" Shaft Diameter, 
1/4" Wide 2 McMaster Carr 365.76 731.52 7/3/2019
6656K22
Ultra-Thin Ball Bearing for 3" Shaft Diameter, 5/16" 
wide 2 McMaster Carr 389.58 779.16 9/11/2020
6656K24
Ultra-Thin Ball Bearing for 4" Shaft Diameter, 5/16" 
wide 2 McMaster Carr 432.29 864.58 9/11/2020
6721K4
Maintenance-Free Threaded Track Roller 7/8" 
Roller Diameter, 1/2" Roller Width 24 McMaster Carr 19.73 473.52 8/13/19
6802A93
Stanley Powerlock Tape Measure Model 33-835, 
Inch, Polyester-Coated Steel, 35 ft. long 1 McMaster Carr 24.84 24.84 12/11/2019
6972A22 Ball-End Driver Shaft. 3/16" Hex Size 1 McMaster Carr 1.38 1.38 10/22/2020
7184K34
Turn-Lock Connector Five-Blade Male Plug, 
Grounded, NEMA L21-30 1 McMaster Carr 30.88 30.88 6/14/2019
74605A15
Pipe Cement for Plastic Pipe, for 12" Maximum 
Diameter PVC Plastic Pipe (8 oz.) 1 McMaster Carr 6.38 6.38 2/10/2020
7604K74 Button/Coin Battery Alkaline Number LR4 1 McMaster Carr 1.51 1.51 7/25/19
7606A59 Hybrid Polymer Sealant. 10.1 ox., Black 1 McMaster Carr 6.60 6.60 10/22/2020
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76455A21
Electrical Tape. 3M Scotch Super 33+ 3/4" Wide, 20 
Feet Long, Black 1 McMaster Carr 2.59 2.59 7/3/2019
7779T37
Low-Carbon Steel U-Channel, 1/8" Wall Thickness, 
1/2" High x 1" Wide Outside (6 ft) 1 McMaster Carr 19.75 19.75 11/12/2020
7779T39
Low-Carbon Steel U-Channel 3/16" wall, 1" highx 2" 
wide outside (6 ft) 1 McMaster Carr 40.17 40.17 11/17/2020
7856K63
Heat-Shrink Tubing, 1 ft, 0.13" ID Before Shrinking, 
Clear, Pack of 10 1 McMaster Carr 7.97 7.97 12/11/2019
8054T18
Stranded Wire, 300V AC, 12 Wire Gauge, White, 
25 ft. Length 1 McMaster Carr 16.52 16.52 12/11/2019
8487T16 Adjustable-Height Floor-Mount Strut-Style Support 4 McMaster Carr 58.25 233.00 12/10/2020
85005K862 Cast Nylon Tube 1 McMaster Carr 126.93 126.93 2/19/19
8671T23
Standard-Wall Nylon Pipe Fitting for Water Through-
Wall Connector for Flat Tanks 1/4 NPT Female 2 McMaster Carr 9.52 19.04 6/18/2020
8749K25
Chemical-Resistant Oversized Round PVC Tube. 
1/2" Wall Thickness, 4" OD, 3" ID (2 ft) 1 McMaster Carr 74.12 74.12 2/10/2020
8749K25
Chemical-Resistant Oversized Round PVC Tube 
1/2" Wall Thickness, 4" OD, 3" ID (3 ft) 1 McMaster Carr 111.18 111.18 9/28/2020
8749K26 PVC Tube 3-9/16"x 1.5"x 1 ft 6 McMaster Carr 50.96 305.76 3/7/19
8749K29
Chemical-Resistant Oversized Round PVC Tube. 1-
1/4" thick, 4-1/2" OD 2" ID (1 ft) 2 McMaster Carr 82.00 164.00 12/10/2020
8749K56
Chemical-Resistant Oversized Round PVC Tube 1" 
Wall Thickness, 6" OD, 4" ID, 2 ft. Length 1 McMaster Carr 230.96 230.96 6/18/2020
8876A14
Uncoated Carbide Square End Mill 2 Flute, 5/32" 
Mill Diameter 1 McMaster Carr 15.78 15.78 7/25/19
8975K135
Multipurpose 6061 Aluminum 1/2" Thick x 12" Wide 
(1 ft) 6 McMaster Carr 52.96 317.76 6/18/2020
8975K158
Multipurpose 6061 Aluminum 5/8" Thick x 12" Wide 
1 ft. Length 2 McMaster Carr 70.84 141.68 9/11/2020
8975K513 Aluminum block 1 McMaster Carr 9.95 9.95 2/12/19
8975K621
6061 Aluminum 1/2" Thick x 3-1/2" Wide. Length 3 
ft. 1 McMaster Carr 41.92 41.92 5/2/2019
8975K624 6061 Aluminum, 0.75"x2.5"x6" 1 McMaster Carr 10.47 10.47 10/30/18
8975K628 6061 Aluminum, 1"x12"x12" 3 McMaster Carr 73.79 221.37 10/30/18
8982K88 6061 Aluminum 90 Degree Angle 1 McMaster Carr 4.04 4.04 2/19/19
90128A251 Socket head screws 18 McMaster Carr 7.11 127.98 2/12/19
90741A110
Aluminum Flanged Screw-to-Expand Insert for 
Plastic, 10-32 Thread Size, 0.31" Installed Length, 
packs of 25 1 McMaster Carr 8.02 8.02 6/18/2020
9081T18 Plug connector NEMA14-30 1 McMaster Carr 50.61 50.61 2/12/19
90825A216
Sealing Pan Head Screws with Buna-N Rubber O-
Ring, 1/4"-20 Thread Size 1" Long 1 McMaster Carr 7.86 7.86 6/18/2020
9088K35
Ultra-High-Vacuum Fitting for Stainless Steel 
Tubing. Butt-Weld Fixed Flange for 3/4" Tube OD, 
0.049" Thickness 1 McMaster Carr 43.20 43.20 1/23/2020
9088K51 Gasket for 3/4" Tube OD and 1-21/64 Flange OD 5 McMaster Carr 2.74 13.70 12/11/2019
9088K71 Bolt Kit for 1-21/64" OD Hight-Vacuum Flange 1 McMaster Carr 9.60 9.60 1/23/2020
91101A231
Steel Split Lock Washer. For 3/8" Screw Size pack 
of 100 1 McMaster Carr 4.8 4.80 8/13/19
91247A847
Medium-Strength Grade 5 Steel Hex Head Screw 
3/4"-10 Thread, 3" Long (Pack of 5) 4 McMaster Carr 9.70 38.80 11/12/2020
91251A537
Black-Oxide Alloy Steel Socket Head Screw 1/4"-20 
Thread Size, 1/2" Long, Pack of 100 1 McMaster Carr 11.38 11.38 12/11/2019
91251A580
5/16"-18 UNC 3A X 5/8" Black-Oxide Alloy Steel 
Socket Head Screws 50 Pack 1 McMaster Carr 8.78 8.78
91251A587
5/16"-18 1-1/2" Black-Oxide Alloy Steel Socket 
Head Screw Pack of 50 1 McMaster Carr 12.89 12.89
91251A595
5/16"-18 UNC 3A X 3" Partially Threaded Black 
Oxide Oxide Alloy Steel Socket Head Screws 10 
Pack 1 McMaster Carr 6.18 6.18
91251A613
5/16"-18 UNC 3A X 1 1/8" Alloy Steel Socket Head 
Screws 25 Pack 1 McMaster Carr 13.77 13.77
91255A645
Button Head Hex Drive Screw. Black-Oxide Alloy 
Steel, 3/8"-24 Thread, 1" long pack of 25 1 McMaster Carr 9.37 9.37 8/13/19
91355A093
5/16"-18 UNC 3A X 5/8" Alloy Steel Flanged Button 
Head Screws 25 Pack 4 McMaster Carr 12.03 48.12
91375A120
Alloy Steel Cup-Point Set Screw. Black-Oxide, 5-40 
Thread, 3/32" Long Pack of 25 1 McMaster Carr 5.31 5.31 7/3/2019
91375A188
Alloy Steel Cup-Point Set Screw Black Oxide, 8-32 
Thred, 1/8" Long (Pack of 100) 1 McMaster Carr 12.09 12.09 1/29/2021
91375A533
Alloy Steel Cup-Point Set Screw Black Oxide 1/4-20 
Thread, 1/4" long pack of 50 1 McMaster Carr 9.22 9.22 7/25/19
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91545A280
Lubricant-Filled Nylon Plastic Washer for 1/2" 
Screw Size Pack of 5 1 McMaster Carr 2.59 2.59 7/3/2019
92141A029 Washer 5 McMaster Carr 3.37 16.85 2/12/19
92141A033
18-8 Stainless Steel Washer for 1/2" Screw Size 
Pack of 50 2 McMaster Carr 6.87 13.74 5/2/2019
92141A056
18/8 Stainless Steel Washer for 3/4" Screw Size 
(Pack of 10) 2 McMaster Carr 10.22 20.44 11/12/2020
9246K61 6061 Aluminum 1" Thick, 8" x 8" 1 McMaster Carr 58.89 58.89 5/2/2019
92505A5
Alloy Steel Extended-Tip Set Screw, Black Oxide, 
1/4"-20 Thread, 3/8" long (Pack of 50) 1 McMaster Carr 7.85 7.85 1/12/2021
92510A770 spacer 2 McMaster Carr 3.03 6.06 2/19/19
92620A712
Zinc Yellow-Chromate Plated Hex Head Screw 
Grade 8 Steel, 1/2"-13 Thread Size, 1" Long Pack 
of 25 1 McMaster Carr 15.21 15.21 5/2/2019
92865A217
Medium-Strength Grade 5 Steel Hex Head Screw, 
Zinc-Plated, 3/8"-24 Thread Size, 1-1/4" Long Pack 
of 50 1 McMaster Carr 12.04 12.04 5/2/2019
92865A845
Medium-Strength Grade 5 Steel Hes Head Screw 
3/4"-10 Thread, 2-1/2 lg (Pack of 5) 2 McMaster Carr 8.74 17.48 10/7/2020
93827A245
High-Strength Steel Hex Nut, Grade 8, Zinc-
Aluminum Coated, 1/2"-13 Thread Size pack of 25 1 McMaster Carr 9.66 9.66 5/2/2019
9384K4 Drop-Over Interlocking Cable Ramp Light Duty 2 McMaster Carr 30.22 60.44 3/3/2020
94033A453 Male-Female Pillar Post, 8" Long 2 McMaster Carr 11.49 22.98 6/18/2020
94115A535
Alloy Steel Nylon-Tip Set Screws. Black-Oxide, 1/4"-
20 thread, 3/8" long Pack of 10 2 McMaster Carr 6.4 12.80 8/13/19
94615A1
Brass Flanged Screw-to-Expand Inserts for Plastic, 
1/4"-20 Thread (Pack of 25) 1 McMaster Carr 8.83 8.83 1/12/2021
94615A116
Brass Flanges Screw-to-Expand Inserts for Plastic, 
1/4"-20 Thread Size Pack of 25 1 McMaster Carr 8.83 8.83 7/25/19
94855A247 Low-Strength Steel Square Nut 1 McMaster Carr 4.71 4.71 1/22/19
94895A115
5/16"-18 High-Strength Steel Hex Nuts-Grade 8 100 
Pack 1 McMaster Carr 5.8 5.80
95462A538
Medium-Strength Steel Hex Nut 3/4" - 10 Thread 
Size (Pack of 25) 2 McMaster Carr 13.98 27.96 11/12/2020
96765A145
5/16" Black-Oxide 18-8 Stainless Steel Washer 
pack of 100 1 McMaster Carr 6.53 6.53
98023A036
Zinc Yellow-Chromate Plated Grade 8 Steel 
Washer for 3/4" Screw Size Pack of 20 1 McMaster Carr 10.86 10.86 7/25/19
AR6061T6/5500 Aluminum Round Bar 6061T651 1 McMaster Carr 85.87 85.87 9/18/2018
DP8PT-330 PLATINUM Series Digital Panel Meters 2 Omega Engineering 285.00 570.00 7/6/2020
M12CFM-P24STPC-
SFSR-FL-5
M12 Cables with Field Mountable Connectors for 
Resistance Sensors (RTDs) 1 Omega Engineering 28.70 28.70 8/13/2020
PFT2NPT-4CU
Vacuum/Pressure Feedthroguhs, 4 Wire Copper 
1/2" NPT PlugFo 3 Omega Engineering 209.83 629.49 9/11/2020
PX192-075GI Compact Pressure Transmitter 1 Omega Engineering 120.00 120.00 7/6/2020
PX278-01D5V
OEM Style Differential Pressure Transducer with 
Field Selectable Ranges 2 Omega Engineering 187.59 375.18 8/13/2020
RTDM12-1/8NPT-3M Compact RTD Temperature Sensors 1 Omega Engineering 39.18 39.18 7/6/2020
KRBG4-16T
Red Rubber Gasket 4" ANSI Class 150LB 1/16" 
thick 2 PipeFittingsDirect 1.99 3.98 5/28/2019
KRBG6-16T
Red Rubber Gasket 6" ANSI Class 150LB 1/16" 
thick 20 PipeFittingsDirect 2.18 43.60 5/28/2019
FA11669
0.094 Conductor Diameter 3 Pin 5kV 55 Amp 
Copper Conductor in a CF 1.33 1 Solid Sealing Technology 138.00 138.00 12/11/2019
CA-FC5-SH-FC5-50
5-Pin Latching Connector/ 5-Pin Latching 
Connector, Shielded Cable (50 ft) 1 US Digital 65.75 65.75 2/9/2021
QSB-S Single-Ended Quadrature to USB Adapter 1 US Digital 81.65 81.65 2/9/2021
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ECN REV DESCRIPTION DATE REVISED BY APPROVED
1 OF 10WINDOWED_PIPE0.022
MECHANICAL ENGINEERING DEPT


























































































































































⌀.33 THRU HOLES (32)
5 OF 10WINDOWED_PIPE0.250
MECHANICAL ENGINEERING DEPT
































1.00⌀.33 THRU HOLES (32)
6 OF 10WINDOWED_PIPE0.250
MECHANICAL ENGINEERING DEPT
















































DIMENSIONS ARE IN INCHES
TOLERANCE ON
DATESIGNATURES
1/4-20 UNC - 2B TAP  0.480 
#7 DRILL ( 0.201 )   -( 32 ) HOLETHRU
90
REVISIONS

























































⌀.33 THRU HOLES (22)
9 OF 10WINDOWED_PIPE0.250
MECHANICAL ENGINEERING DEPT

















































DIMENSIONS ARE IN INCHES
TOLERANCE ON
DATESIGNATURES
1/4-20 UNC - 2B TAP  0.480 
#7 DRILL ( 0.201 )  0.600  
-( 22 ) HOLE
93
REVISIONS





























ECN REV DESCRIPTION DATE REVISED BY APPROVED
1 OF 3FULL_ROTARY_COUPLER0.500
MECHANICAL ENGINEERING DEPT









AND LOGIN0.012 PL DECIMALS
Mar-04-21DRAWN
UNLESS OTHERWISE SPECIFIED





























































































































⌀  THRU (8) HOLES B.C.1.00
⌀  THRU3.75






















































DIMENSIONS ARE IN INCHES
TOLERANCE ON
DATESIGNATURES
5/16-18 UNC - 2B TAP  0.310 


































































⌀0.31 THRU (3) HOLES
⌀0.38 ⌴ ⌀0.07 ↧
102
REVISIONS
ECN REV DESCRIPTION DATE REVISED BY APPROVED
R2.94
R1.59 X1 (FOR ALUMINUM PIPE)
R1.71 X3 (FOR BUTYRATE PIPE)




























⌀0.31 THRU (6) HOLES
⌀0.38 ⌴ ⌀0.07 ↧
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REVISIONS
ECN REV DESCRIPTION DATE REVISED BY APPROVED
1 OF 3BEARING_SUPPORTS_FINAL0.500
MECHANICAL ENGINEERING DEPT









AND LOGIN0.012 PL DECIMALS
Mar-04-21DRAWN
UNLESS OTHERWISE SPECIFIED






































1/4-20 UNC - 2B TAP  THRU 



























Need 2 parts with 80.6 mm ID bore

























AND LOGIN0.012 PL DECIMALS
Sep-16-20DRAWN
UNLESS OTHERWISE SPECIFIED




1/4-20 UNC - 2B TAP THRU
#7 DRILL (0.201) THRU -(4) HOLE
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ECN REV DESCRIPTION DATE REVISED BY APPROVED
1 OF 11MOTOR_DRIVE_FULL0.150
MECHANICAL ENGINEERING DEPT













































































































8-32 UNC - 2B TAP  0.330 
#29 DRILL ( 0.136 ) THRU  (4) HOLES
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DIMENSIONS ARE IN INCHES
TOLERANCE ON
DATESIGNATURES
X2 SHAFT FLATS AT 90 DEGREES FOR 8-32 SET SCREWS
X2 SHAFT FLATS AT 120 DEGREES
 FOR 8-32 SET SCREWS
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DIMENSIONS ARE IN INCHES
TOLERANCE ON
DATESIGNATURES
5/16-18 UNC - 2B TAP  0.500 
F DRILL ( 0.257 )  0.503  -( 4 ) HOLE
3/8-16 UNC - 2B TAP  0.500 
































5-40 UNC - 2B TAP  0.240 











































































1/4-20 UNC - 2B TAP  0.500 
#7 DRILL ( 0.201 )  0.600  -( 3 ) HOLE
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REVISIONS




















⌀  THRU (2) HOLE.26
9 OF 11MOTOR_DRIVE_FULL1.000
MECHANICAL ENGINEERING DEPT













DIMENSIONS ARE IN INCHES
TOLERANCE ON
DATESIGNATURES
1/4-20 UNC - 2B TAP  THRU 
#7 DRILL ( 0.201 ) THRU  -( 3 ) HOLE
1/4-20 UNC - 2B TAP  1.000 
#7 DRILL ( 0.201 ) THRU  -( 1 ) HOLE
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REVISIONS
































DIMENSIONS ARE IN INCHES
TOLERANCE ON
DATESIGNATURES
1/4-20 UNC - 2B TAP  0.480 
#7 DRILL ( 0.201 )  0.503  -( 3 ) HOLE
118
REVISIONS













⌀  -(8) HOLE.33























ECN REV DESCRIPTION DATE REVISED BY APPROVED



































































⌀  THRU X3











































AND LOGIN0.012 PL DECIMALS
Dec-18-19DRAWN
UNLESS OTHERWISE SPECIFIED




1.33 Conflat Flange will be welded onto central hole
123
⌀5.87









































































DIMENSIONS ARE IN INCHES
TOLERANCE ON
DATESIGNATURES










































ECN REV DESCRIPTION DATE REVISED BY APPROVED
1 OF 3FLOW_CONDITIONING0.250
MECHANICAL ENGINEERING DEPT




































































































































1.75 IN. OF 3 IN. FNPT THREAD
130
REVISIONS
ECN REV DESCRIPTION DATE REVISED BY APPROVED



























DIMENSIONS ARE IN INCHES
TOLERANCE ON
DATESIGNATURES
1/2-14 NPT - H Tapered  0.534 
45/64 DRILL ( 0.703 )  0.750  -( 1 ) HOLE
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REVISIONS
ECN REV DESCRIPTION DATE REVISED BY APPROVED


































3/8-18 NPT - H Tapered  0.407 
9/16 DRILL ( 0.562 )  0.570  -( 1 ) HOLE
1/8-27 NPT - H Tapered  0.273 
"Q" DRILL ( 0.332 )  0.380  -( 1 ) HOLE
1/8-27 NPT - H Tapered  0.273 
"Q" DRILL ( 0.332 )  0.380  -( 1 ) HOLE
1/2-14 NPT - H Tapered  0.534 
45/64 DRILL ( 0.703 )  0.750  -( 1 ) HOLE
1/2-14 NPT - H Tapered  0.534 
45/64 DRILL ( 0.703 )  0.750  -( 1 ) HOLE
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ROTATING PIPE FLOW EXPERIMENTAL APPARATUS 
        May 2019 - Present 
 GRADUATE STUDENT PROJECT LEAD, University of Kentucky 
Responsible for 3D modelling and design of parts, research, selection 
and calibration of measurement apparatus, coordination with machine 
shop, delivery of regular project updates, assembly of parts, and detailed 
technical documentation for a pressurized pipe flow apparatus with 
rotating test section. 
Final apparatus is capable of examining change in pressure and wall 
shear stress with introduction of rotation to a fully developed turbulent 
flow. Tunnel is designed to allow future Particle Imaging Velocimetry 
(PIV) experimentation to examine how the rotating flow develops. 
STUDY OF BALL TETHERED IN CYLINDER WAKE  
           Aug. 2019 - Dec. 2019 
 INDEPENDENT STUDY, University of Kentucky 
Particle Image Velocimetry (PIV) study of a buoyantly neutral, spherical 
object tethered in the wake of a cylinder. Utilized Phantom high-speed 
camera, high power laser, and DaVis analytical software to measure 
movement and fluid velocity profile within the water tunnel test section. 
Found that the sphere’s vertical displacement corresponded to 
approximately one fourth the frequency of the Von Karman Vortex 
Shedding produced by the cylinder. Suggested future work to confirm 
findings. 
3D PRINTED SOUND DAMPENING ENCLOSURE  
Aug. 2018 - May 2019 
 TEAM LEADER, University of Kentucky 
Head of team sponsored by the Institute of Noise Control Engineers to 
explore feasibility of constructing a sound dampening chamber using only 
3D printed parts and materials. Responsibilities included 3D modeling of 
parts, regular progress reviews, prototype construction and testing, and 
submission of technical document outlining process and results. 
Feasibility was confirmed, but future work was suggested to increase 
damping efficiency of enclosure. 
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